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SUMMARY 

This  report  reviews  the  public  health  implications  of  agricultural 
drainage  water  contamination  in  the  western  San  Joaquin  Valley  for  the 
elements  selenium,  boron,  and  molybdenum.  These  elements  were  chosen  for 
review  because  they  have  been  selected  as  priority  substances-of-concern  in 
agricultural  drainage  water  by  several  state  and  federal  agencies. 
Substances-of-concern  are  distinguished  from  other  naturally  occurring 
elements  because  their  local  concentrations  may  be  sufficient  to  threaten 
animal  or  plant  life.  Several  small  studies  have  been  conducted  in  the  past 
that  were  useful  for  determining  potential  impacts  of  drainage  water  on  public 
health  in  the  area.  These  studies  were  reviewed;  data  and  findings  were 
appropriately  incorporated  into  the  public  health  reviews  for  each  element. 
Additionally,  much  data  have  been  collected  in  conjunction  with  the  San 
Joaquin  Valley  Drainage  Program  for  the  purposes  of  Program  planning,  analy- 
sis, and  decision-making;  some  of  these  data  are  very  useful  for  analyzing 
potential  human  exposures  to  drainage  contaminants  and  are  included  in  the 
public  health  review  chapters.  In  depth  toxicological  profiles  for  each  of 
the  three  elements  are  provided  in  Appendices  A,  B,  and  C.  This  information 
has  been  combined  with  available  exposure  information  to  predict,  where 
possible,  the  likelihood  of  excessive  human  exposure  to  each  of  the  elements. 

For  selenium,  evidence  gathered  to  date  indicates  that  some  fish  and 
wildlife  in  limited  regions  of  the  western  San  Joaquin  Valley  have  accumulated 
sufficient  tissue  selenium  concentrations  that  unlimited  ingestion  of  such 
animals  may  be  harmful  to  some  individuals.  Health  advisories  have  been 
issued  by  state  and  local  authorities  recommending  consumption  restrictions 
for  fish  and  wildlife  in  affected  areas.  Although  limited  in  scope,  evalua- 
tion of  selenium  in  local  produce  and  livestock  has  shown  selenium  concentra- 
tions to  be  within  acceptable  ranges.  Similarly,  most  domestic  water  supplies 
surveyed  in  the  western  San  Joaquin  Valley  do  not  exceed  established  limits 
for  selenium  in  drinking  water.  Providing  geologic  and  hydrologic  conditions 
remain  stabilized  (or  are  mitigated  with  respect  to  drainage  contaminants)  and 
health  advisories  are  adhered  to  by  the  public,  current  information  indicates 
that  it  is  unlikely  that  selenium  overexposure  (from  environmental  sources)  is 
a  public  health  problem  in  the  western  San  Joaquin  Valley. 

For  boron,  information  regarding  both  predicted  health  correlates  from 
various  boron  exposures  and  the  levels  of  human  boron  exposure  in  the  western 
San  Joaquin  Valley  is  inadequate  for  decision-making  purposes.  Ground  and 
surface  waters  in  the  western  San  Joaquin  Valley  are  known  to  contain  levels 
of  boron  that  are  far  higher  than  national  norms,  but  concentrations  in 
domestic  food  sources  are  not  available.  Some  human  and  animal  studies  have 
indicated  adverse  male  reproductive  effects  from  very  high  levels  of  dietary 
boron;  however,  the  acute  and/or  chronic  dose  shown  to  elicit  such  effects  is 
conflicting.  In  order  to  assess  the  potential  consequence  of  human  exposure 
to  environmental  boron  compounds,  additional  studies  are  necessary  to  delin- 
eate more  closely  dose-response  effects  as  well  as  the  level  of  boron  inges- 
tion in  persons  residing  in  the  western  San  Joaquin  Valley. 

For  molybdenum,  estimates  of  human  dietary  exposure  in  the  San  Joaquin 
Valley  are  extremely  limited.  Some  domestic  wells  in  the  western  Tulare  Basin 
region  contain  molybdenum  concentrations  as  high  as  160  ppb.  Because  of  the 
interference  of  some  compounds  with  molybdenum  analysis,  concern  has  been 


expressed  that  San  Joaquin  Valley  molybdenum  data  may  be  underestimated  in 
some  cases.  State  or  federal  drinking  water  standards  have  not  been  set  for 
molybdenum,  but  160  ppb  molybdenum  in  drinking  water  would  provide  64%  of  the 
maximum  "safe  and  adequate"  intake  (500  ug/day)  for  this  element  from  water 
alone.  Molybdenum  concentrations  in  domestic  food  in  the  western  San  Joaquin 
Valley  are  not  available.  Few  studies  have  been  published  that  investigate 
the  significance  of  molybdenum  ingestion  above  dietary  requirements.  One 
study  has  reported  that  copper  excretion  may  increase  approximately  3-fold  in 
subjects  consuming  540  ug  molybdenum/day  in  the  form  of  high-molybdenum 
sorghum.  Thus,  results  indicate  that  excessive  dietary  molybdenum  could 
induce  low  or  marginal  copper  status  in  some  individuals.  Additional  data 
regarding  public  exposure  to  molybdenum  and  possible  health  correlates  from 
exposure  above  the  physiological  requirement  for  this  nutrient  are  necessary 
before  a  complete  public  health  evaluation  can  be  made. 
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CHAPTER  1 

The  Agricultural  Drainage  Water  Problem: 
Scope  and  Limitations  of  Public  Health  Analyses 

In  1983,  waterfowl  deaths,  deformities,  and  reproductive  failures  were 
discovered  at  Kesterson  Reservoir,  a  series  of  man-made  ponds  designed  to 
receive  agricultural  drainage  waters  from  parts  of  the  Westlands  Water  Dis- 
trict in  the  western  San  Joaquin  Valley.  These  abnormalities  apparently 
resulted  when  high-selenium  soils  were  irrigated  for  agricultural  use  and  the 
resulting  selenium-laden  drainage  waters  were  transported  to  the  reservoir 
through  the  San  Luis  Drain.  Natural  evaporation  processes  in  the  ponds  tended 
to  increase  selenium  (and  other  element)  concentrations  within  the  reservoir. 
More  importantly,  selenium  was  accumulated  by  certain  plants  and  fish  in  the 
environment  to  concentrations  2-3  orders  of  magnitude  above  that  found  in  the 
inflow  drainage  water  (a  process  known  as  "bioaccumulation") .  Thus,  through  a 
combination  of  events,  wildlife  in  the  local  area  were  exposed  to  levels  of 
selenium  far  greater  than  otherwise  would  be  anticipated.  Investigations 
throughout  California  and  other  western  states  have  indicated  that  concentra- 
tions of  selenium  and  other  elements  (e.g.,  arsenic,  boron,  chromium,  and 
molybdenum)  in  drainage  waters  were  frequently  elevated,  either  as  a  conse- 
quence of  natural  water  conditions  or  through  mobilization  of  elements  from 
irrigated  soils.  In  many  cases,  these  concentrations  exceeded  water  quality 
standards  set  to  protect  agricultural  crop,  wildlife,  or  human  health. 

Although  drainage  waters  are  not  expected  to  be  consumed  by  humans  direct- 
ly, various  pathways  exist  for  human  exposure  to  these  waters.  As  such, 
assessment  of  potential  public  health  problems  resulting  from  drainage  water 
contamination  and,  if  necessary,  development  of  intervention  plans  have  been 
identified  as  important  areas  of  study  in  the  San  Joaquin  Valley  Drainage 
Program  (SJVDP).  In  1987,  a  Cooperative  Agreement  between  U.S.  Bureau  of 
Reclamation  (USBR)  and  the  Health  Officers  Association  of  California  (HOAC) 
was  initiated  to  begin  investigating  such  issues  for  the  SJVDP.  The  thrust  of 
this  Cooperative  Agreement  has  been  to  (1)  coordinate  public  health  activities 
with  the  SJVDP  Program  Manager,  the  SJVDP  Interagency  Technical  Advisory 
Committee  (ITAC),  and  the  ITAC  Public  Health  Subcommittee,  (2)  participate  in 
public  meetings  in  support  of  the  health  activities  for  the  SJVDP,  (3)  iden- 
tify appropriate  interagency  problems  and  provide  early  warning  regarding 
sensitive  issues  or  unresolved  problems,  (4)  prepare  a  report  summarizing  the 
current  state  of  knowledge  relating  to  agricultural  drainage  water  contami- 
nants as  they  relate  to  public  health,  and  (5)  provide  recommendations  for 
further  public  health  investigations. 

For  most  cases,  drainage  water  contaminants  are  being  studied  by  the  SJVDP 
because  of  possible  threat  to  agricultural  crops  or  wildlife  in  the  San  Joa- 
quin Valley.  It  has  been  the  task  of  this  project  to  evaluate  these  con- 
taminants for  their  potential  impact  on  public  health.  For  this  report, 
information  regarding  the  occurrence,  environmental  fate,  essentiality/  biolo- 
gical function,  toxicokinetics,  toxicity,  treatment  for  overexposure,  typical 
exposure  limits,  and  indicators  of  excessive  exposure  has  been  collected  from 
the  scientific  literature  for  each  of  the  drainage  contaminants  that  have  been 
considered  of  greatest  concern  by  state  and  federal  agencies;  i.e.,  selenium, 
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boron,  and  molybdenum  (see  Appendices  A,  B,  and  C) .  This  information,  along 
with  data  collected  from  the  SJVDP  study  area  (Figure  1),  has  been  used  to 
assess  the  likelihood  of  human  exposure  to  drainage  contaminants  from  a  number 
of  potential  exposure  routes  (see  chapters  4,  5,  and  6).  Additionally,  data 
from  the  scientific  literature  regarding  health  outcomes  following  known 
exposures  to  these  elements  have  been  collated  for  future  comparison  to  San 
Joaquin  Valley-specific  exposure  information.  Where  appropriate,  inferences 
have  been  made  concerning  the  current  potential  for  public  health  risk  from 
exposure  to  individual  trace  elements  in  agricultural  drainage  waters. 

As  with  any  biological  situation  of  this  complexity,  certain  caveats  must 
be  stipulated  to  mitigate  the  possibility  of  misinterpretation  of  report  data 
and  conclusions.  First,  the  appendices  are  not  intended  to  be  original,  com- 
prehensive reviews  of  the  literature  for  each  of  the  elements  under  inves- 
tigation. The  information  presented  in  the  appendices  is  based  in  large  part 
on  the  data  and  opinions  of  experts  in  the  respective  fields  of  selenium, 
boron,  or  molybdenum  nutrition  and  toxicology.  Additionally,  these  appendices 
and  public  health  reviews  (chapters  4,  5,  and  6)  have  been  designed  to  provide 
information  that  is  deemed  necessary  for  the  formulation  and  evaluation  of 
alternatives  by  the  SJVDP  and  may  not  be  useful  for  situations  occurring 
outside  the  drainage  study  area. 

Second,  public  health  reviews  do  not  address  the  potential  consequences  of 
occupational  exposures  to  drainage  contaminants,  such  as  might  occur  during 
hazing  or  clean-up  operations  in  highly  contaminated  sites  like  Kesterson 
Reservoi  r . 

Third,  at  this  time,  public  health  reviews  of  the  potential  risk  from 
exposure  to  various  drainage  contaminants  assume  a  certain  normality  of  con- 
sumption and  behavioral  patterns  in  the  local  population.  For  example,  it  is 
assumed  (in  keeping  with  various  federal  estimates)  that  the  vast  majority  of 
persons  consume  2  liters  or  less  of  water  per  day.  Thus,  the  value  of  2 
liters/day  is  used  to  calculate  the  dietary  contribution  of  water  for  a  given 
element  from  a  given  water  source  with  known  concentration  of  that  element. 
Gross  deviation  from  norms  of  dietary  or  behavioral  patterns  (e.g.  dispropor- 
tionate consumption  of  produce  from  home  gardens  in  the  Panoche  Fan  area  or 
gathering  and  disproportionate  consumption  of  wild  plants,  fish,  and  wildlife 
from  the  Valley  trough)  may  invalidate  the  perceived  risk  from  exposure  to  a 
particular  source  of  drainage  contaminants. 

Fourth,  interactions  between  drainage  contaminants  or  other  confounding 
variables  have  not  been  considered  when  assessing  potential  public  health  risk 
from  exposure  to  any  individual  element.  Known  interactions  between  elements 
that  may  affect  the  availability  of  a  given  contaminant  (such  as  arsenic  and 
selenium)  or  confounding  factors  that  may  exacerbate  the  toxicity  of  a  given 
contaminant  (such  as  dietary  protein  deficiency  and  selenium  toxicity)  have 
been  described  in  the  individual  appendices.  Understanding  of  these  interac- 
tions or  knowledge  regarding  the  populations  at  risk  is  not  sufficient  to  be 
incorporated  into  public  health  reviews. 

Fifth,  it  is  important  to  note  that  many  of  the  drainage  contaminants 
currently  under  investigation  by  the  SJVDP  are  required  nutritionally  for 
humans  and  animals.  Thus,  exposure  to  adequate  levels  of  these  elements  is 
necessary  and  desirable. 

Sixth,  this  report  represents  evaluation  of  the  drainage  water  situation 
in  the  western  San  Joaquin  Valley  given  present  knowledge.  The  information 
used  to  assess  potential  public  health  exposures  to  drainage  contaminants  has 
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been  obtained  from  many  sources  (see  chapter  3)  which,  while  deemed  reliable, 
have  not  been  collected  under  the  control  of  the  authors  and,  in  most  cases, 
have  not  been  accumulated  for  the  purposes  of  public  health  assessments.  New 
information  ascertained  in  the  coming  months  and  years  may  cause  reevaluation 
of  agricultural  drainage  water  contamination  as  it  relates  to  public  health. 
Additionally,  these  reviews  are  based  on  current  conditions  in  the  San  Joaquin 
Valley;  changes  in  agricultural  drainage  water  management  or  treatment  may 
invalidate  the  findings  of  this  report. 


CHAPTER  2 


Previous  Public  Health-Related  Studies 
in  the  San  Joaquin  Valley 

Few  studies  have  been  conducted  in  the  western  San  Joaquin  Valley  for  the 
sole  purpose  of  investigating  the  public  health  impact  of  agricultural  drain- 
age water  contamination.  Some  studies  have  been  designed  to  evaluate  occupa- 
tional exposures  for  Kesterson  Reservoir  workers,  and  other  studies,  while  not 
directly  related  to  public  health,  may  be  useful  for  assessing  human  exposures 
to  drainage  contaminants.  The  following  are  descriptions  of  data  previously 
obtained  from  the  study  area  that  have  been  used  to  formulate  the  need  and 
scope  of  the  present  document. 

Public  Health  Studies  and  Assessments 

Almost  immediately  after  reports  of  wildlife  deaths  and  deformities  in 
Kesterson  Reservoir,  the  Merced  County  Health  Department  initiated  a  survey  of 
possible  health  problems  in  a  population  presumed  at  risk  for  exposure  to 
drainage  contaminants.  Kesterson  area  residents  were  compared  to  age-  and 
sex-matched  controls  from  a  nearby  community  (Gustine);  a  medical  history 
questionnaire  was  administered;  and  blood  chemistry  panels  as  well  as  several 
toxicological  analyses  were  performed.  Although  the  study  was  limited  in 
scope,  evidence  was  not  found  to  indicate  that  adverse  health  effects  result- 
ing from  proximity  to  Kesterson  Reservoir  were  occurring.  However,  the  Merced 
County  Health  Department  recommended  further  study,  including  the  collection 
of  additional  data,  and  establishment  of  procedures  to  validate  initial  find- 
ings and  to  assure  continued  health  protection  of  local  residents. 

The  health  status  of  Kesterson  National  Wildlife  Refuge  personnel  (employ- 
ees of  the  U.S.  Fish  and  Wildlife  Service  and  the  U.S.  Bureau  of  Reclamation) 
has  been  monitored  since  October,  1984.  The  occupational  health  program  for 
employees  has  included  regular  (every  3  to  4  months)  blood  chemistry  analyses 
and  selenium  measurements  in  blood  and  urine.  Symptoms  indicative  of  selenium 
overexposure  have  not  occurred,  and  selenium  biochemical  indices  have  been 
within  normal  limits.  The  monitoring  program  currently  continues.  [Refer  to 
Appendix  A,  Section  IX,  for  a  discussion  of  the  value  of  biochemical  indicat- 
ors of  excessive  selenium  exposure.] 

A  small  ethnographic  survey  of  Southeast  Asian  populations  known  to  forage 
for  food  in  the  Kesterson  area  was  conducted  in  1987  by  the  University  of 
California  Cooperative  Extension,  Rural  Development  Program.  Preliminary 
conclusions  indicated  that  Southeast  Asians  do  not  consume  sufficient  amounts 
of  foraged  items  that  selenium  overexposure  would  occur;  however,  the  study 
design  was  inadequate  to  fully  test  this  hypothesis.  Additionally,  foraging 
for  wild  plants  or  animals  may  be  a  practice  of  other  residents  of  or  visitors 
to  the  San  Joaquin  Valley;  this  has  not  been  investigated. 

In  1986,  a  survey  was  conducted  of  Southeast  Asian  Refugees  believed  to  be 
foraging  foodstuffs  in  the  Kesterson  area  by  Dr.  Steven  Segerstrom  of  the 
Merced  Family  Practice  Residency  Program.  Eleven  families  of  these  families 
consented  to  participate  in  a  health  questionnaire  and  blood,  urine,  and  hair 


collection.  Data  analyzed  were  compared  to  a  control  population  of  Laotian 
patients  in  the  community  family  practice  clinic.  Conclusions  of  this  study 
indicated  that  adverse  effects  did  not  appear  to  be  occurring  as  a  result  of 
excessive  selenium  consumption  in  this  population.  The  author  recommended 
further  longitudinal  studies  to  investigate  selenium  consumption  patterns 
during  other  seasons. 

Analyses  of  Contaminant  Levels  of  Various  Exposure  Sources 

While  initial  surveys  of  presumed  high  risk  groups  did  not  yield  indica- 
tions of  adverse  health  consequences  related  to  contaminant  exposure,  it  was 
recognized  by  the  SJVDP  that  broader  monitoring  activities  should  be  con- 
ducted. Since  1984,  water,  air,  soil/sediments,  and  food  items  have  been 
analyzed  by  various  agencies  for  elements  known  to  be  elevated  in  agricultural 
drainage  waters,  particularly  selenium.  The  following  paragraphs  are  descrip- 
tions of  studies  that  are  either  completed,  underway,  or  planned,  and  are 
categorized  with  respect  to  major  exposure  sources. 

Water  Water  that  contains  excessive  levels  of  elements,  minerals,  or 
other  compounds  may  adversely  affect  public  health  either  directly,  through 
ingestion  or  dermal  absorption  of  these  substances,  or  indirectly,  through 
contamination  of  human  food  (e.g.,  wildlife,  crops,  or  livestock).  Current 
federal  guidelines  for  selenium  in  water  are  10  ppb  for  human  consumption  and 
20  ppb  for  irrigation.  Water  quality  is  monitored  throughout  California  by 
state  and  federal  agencies  for  research  and  regulatory  purposes.  These  data 
are  available  to  the  SJVDP  for  analysis  and  interpretation  related  to  the 
agricultural  drainage  problem.  In  the  study  area,  isolated  ground  and  surface 
waters  have  been  found  to  contain  exceedingly  high  (over  500  ppb)  selenium 
levels.  These  concentrations  usually  have  been  found  in  association  with 
agricultural  drainage  sumps  or  collector  drains  and  would  typically  be  diluted 
very  quickly  by  the  merging  of  sump  water  with  other,  higher  quality  water. 
The  U.S.  Geological  Survey  (USGS)  has  reported  selenium  concentrations  up  to 
28  ppb  in  Mud  and  Salt  Sloughs  (which  drain  high-selenium  agricultural  lands), 
and  generally  lesser  concentrations  in  other  rivers  and  streams  throughout  the 
San  Joaquin  basin.  Other  elements  (including  boron,  molybdenum,  chromium,  and 
arsenic)  have  also  been  found  to  exceed  recommended  water  quality  criteria. 

In  addition  to  inorganic  minerals,  organic  chemicals  (e.g.,  pesticides) 
are  also  monitored  in  various  waters  throughout  the  state.  Under  the  Pes- 
ticide Contamination  and  Prevention  Act  (AB  2021),  the  California  Department 
of  Food  and  Agriculture  (CDFA)  is  required  to  prepare  annual  reports  to  the 
Legislature  regarding  pesticides  in  drinking  water  from  ground  water  sources. 
According  to  the  first  annual  report  (1986),  very  low  levels  of  organic  resid- 
ues have  been  found  in  well  waters  in  large  parts  of  the  SJVDP  study  area, 
particularly  in  Fresno  and  Merced  Counties.  Most  often  detected  are  dibromo- 
chloropropane  (DBCP)  and  ethylene  dibromide  (EDB),  two  pesticides  that  have 
been  banned  for  use  in  recent  years.  Because  subsurface  agricultural  drainage 
water  is  often  mixed  with  surface  drainage  (tail  water),  the  SJVDP  has  con- 
sidered the  initiation  of  a  project  to  assess  the  potential  impacts  of  pes- 
ticides in  agricultural  drainage  waters  and  receiving  waters. 

Air  Air  quality  monitoring  activities  that  have  been  conducted  at  Kes- 
terson  Reservoir  serve  to  measure  particulate  selenium  exposures  in  reservoir 
employees.   Sampling  and  analysis  at  the  reservoir  and  surrounding  areas  were 


initiated  in  1985  and  have  continued  to  date,  in  cooperation  with  the  Califor- 
nia Air  Resources  Board  and  the  Pollution  and  Control  Districts  of  Merced  and 
Fresno  counties.  Results  of  air  quality  data  are  compiled  in  the  USBR  Kester- 
son  Program  EIS  report  (1986)  and  indicate  that  ambient  air  in  and  around 
Kesterson  Reservoir  does  not  contain  sufficient  particulate  selenium  to  be 
considered  a  potential  human  health  threat. 

A  proposed  technique  for  treatment  of  high-selenium  soils  and  vegetation 
is  to  dramatically  increase  natural  volatilization  of  gaseous  selenium  metabo- 
lites by  cultivation  of  natural  soil  microorganisms  (especially  fungi)  through 
addition  of  organic  material.  The  predominant  form  of  selenium  released 
during  this  process  is  believed  to  be  dimethyl selenide.  Because  the  toxicity 
of  inhaled  dimethyl selenide  is  not  well  characterized,  studies  have  been 
initiated  at  the  University  of  California  -  Davis  to  investigate  this  issue. 

Food  Fruits,  nuts,  vegetables,  and  various  domestic  animal  products  have 
been  analyzed  to  determine  trace  element  concentrations.  Because  of  the 
concern  of  bioaccumulation  of  trace  elements  in  food  items,  CDFA  surveyed 
animal  and  animal  products  under  a  contract  to  the  U.S.  Bureau  of  Reclamation 
(USBR).  Although  data  were  limited,  the  ensuing  report  concluded  that,  based 
on  available  data,  consumption  of  domestic  animals  or  animal  products  origina- 
ting from  the  study  area  should  not  pose  a  public  health  risk.  Similarly,  a 
University  of  California  Agricultural  Issues  Center  report,  based  on  prelimi- 
nary data  collected  by  the  UC  Salinity  Drainage  Task  Force,  indicated  that 
agricultural  fruits,  nuts,  and  vegetables  have  not  accumulated  dangerous 
selenium  concentrations.  Continued  monitoring  is  recommended. 

The  U.S.  Fish  and  Wildlife  Service  (USFWS)  provides  analytical  findings 
that  can  be  used  for  assessment  of  public  health  risks  from  exposure  to  ani- 
mals in  the  drainage  area.  USFWS  conducts  two  types  of  studies:  (1)  surveys 
to  determine  contaminant  levels  in  field  conditions  (e.g.,  selenium  concentra- 
tions in  duck  livers),  in  cooperation  with  the  California  Department  of  Fish 
and  Game  and  the  California  Department  of  Water  Resources  and,  (2)  laboratory 
toxicity  testing  (e.g.,  to  ascertain  what  level  of  selenium  in  water  causes 
toxicity  in  animals),  in  cooperation  with  the  University  of  California. 
Analyses  are  performed  to  determine  the  toxicological  impact  of  various  con- 
taminants on  the  animals  themselves  and,  thus,  results  are  not  usually  direct- 
ly applicable  to  human  consumption  (e.g.,  analyses  are  frequently  conducted  on 
liver  tissue  instead  of  muscle  tissue  that  would  be  consumed  more  frequently 
by  humans).  However,  this  does  afford  estimation  of  a  worse-case  scenario 
regarding  ingestion  of  such  animals.  Soil  and  vegetation  analyses  of  various 
elements  are  also  conducted  in  an  attempt  to  assess  the  extent  of  contamina- 
tion in  an  area  and  the  bioaccumulation  factor  (BAF)  for  a  given  element  in  a 
given  species.  Information  gleaned  from  the  above,  and  other,  studies  has 
resulted  in  the  issuance  of  health  advisories  from  the  Merced  County  Health 
Department,  the  California  Department  of  Health  Services  (CDHS),  and  the 
California  Department  of  Fish  and  Game  (CDFG)  to  limit  consumption  of  fish  and 
wildlife  from  Kesterson  Reservoir,  wildlife  from  the  Grasslands  area,  and  fish 
or  coots  from  irrigation/evaporation  ponds  in  northwestern  Kern  County  and 
southwestern  Kings  County.  Warning  signs  and  advisories  have  been  posted  in 
the  areas  advising  of  such  restrictions. 

Preliminary  assessments  by  CDHS  have  indicated  that  consumption  of  agricu- 
ltural crops  and  domestic  animals  grown  or  raised  in  the  drainage  area  does 
not  appear  to  increase  the  level  of  selenium  intake  in  adults  and  children 
beyond  that  considered  safe  and  adequate.  These  results  are  only  provisional, 


however,  and  further  analyses  are  required  (for  selenium  and  other  elements), 
under  varied  conditions,  before  a  complete  assessment  can  be  provided. 

Soil  and  Sediments  Humans  may  be  exposed  to  contaminants  in  soil  and/or 
sediments  through  dermal  contact,  or  occasionally,  ingestion  (e.g.,  hand-to- 
mouth  contact  in  children).  The  extent  of  selenium  (or  other  element)  absorp- 
tion in  humans  via  these  routes  is  unknown  in  non-industrial  settings.  In- 
directly, contamination  of  soil  and  sediments  may  lead  to  increased  uptake  of 
these  contaminants  by  plants  or  animals  that  subsequently  may  be  consumed  by 
humans.  Additionally,  leaching  of  elements  in  soil  or  sediments  can  con- 
taminate region  ground  water  aquifers  used  to  supply  drinking  water.  USBR, 
USFWS,  and  USGS  have  evaluated  soil  and  sediments  in  the  drainage  area;  how- 
ever, their  studies  have  not  been  conducted  for  the  purpose  of  assessing 
potential  public  health  risk  of  contact  with  these  substances. 


CHAPTER  3 

Sources  of  Data  for  Current  Health  Assessments 

In  the  following  three  chapters,  numerous  sources  of  information  have  been 
used  to  assess  potential  public  health  exposures  to  agricultural  drainage 
contaminants.  Much  of  the  data  have  been  collected  by  state  and  federal 
agencies  in  association  with  the  San  Joaquin  Valley  Drainage  Program;  addi- 
tional data  have  been  collected  by  the  University  of  California  (UC)- 
Sal  inity/Drainage  Task  Force,  the  California  State  Water  Resources  Control 
Board  (SWRCB)  and  California  Department  of  Fish  and  Game  (CDFG)  Selenium 
Verification  Study,  and  the  U.S.  Department  of  Interior  National  Irrigation 
Drainage  Program.  The  following  discussion  presents  information  sources  for 
each  of  the  exposure  media,  including  usefulness  of  the  data  for  public  health 
assessments. 

FISH  AND  WILDLIFE  DATA: 

Biological  Residue  Data  Base 

A  principal  source  of  information  regarding  contaminant  concentrations  in 
various  fish  and  wildlife  in  the  drainage  study  area  is  the  Biological  Residue 
Data  Base  (Biores  Data  Base)  developed  by  the  USFWS  in  conjunction  with  the 
SJVDP.  Information  compiled  in  this  data  base  includes  a  reference  number  of 
the  study,  the  location  or  site  name  where  the  samples  were  obtained,  the 
taxon  and  species,  the  contaminant  and  tissue  sampled,  the  sample  date  and 
size,  the  mean  contaminant  concentration  in  the  sample(s)  analyzed,  the  mini- 
mum and  maximum  concentrations  measured  in  the  sample(s),  and  whether  the 
sample  was  measured  on  a  wet-  or  dry-matter  basis.  This  data  base  primarily 
includes  summary  figures  from  published  information.  Currently,  the  Biores 
Data  Base  contains  approximately  2,700  records.  Sampling  sites  throughout  the 
Valley  have  been  mapped  and  will  soon  be  digitized,  tying  this  data  base  with 
the  SJVDP-developed  Geographic  Information  System  (GIS). 

Because  these  data  have  been  collected  primarily  for  the  assessment  of 
food  chain  contamination  and  effect  on  fish  and  wildlife,  there  are  several 
disadvantages  to  the  use  of  this  information  for  public  health  assessments. 
First,  analyses  frequently  have  been  made  on  tissues  that  are  not  typically 
consumed  by  humans.  For  example,  in  many  cases  whole  fish  (including  bones, 
heads,  and  tails)  or  fish  livers  have  been  used  for  contaminant  analysis. 
Extrapolation  of  these  values  to  edible  tissues  is  difficult.  Because  better 
data  are  not  available,  for  the  purpose  of  this  report  it  generally  has  been 
assumed  that  whole  organism  concentrations  may  be  reasonably  reflective  of 
edible  (muscle)  tissue  concentrations;  muscle  tissue  contaminant  concentra- 
tions likely  do  not  exceed  those  measured  in  the  whole  organism.  Because 
liver  tissue  tends  to  accumulate  many  elements  to  a  higher  degree  than  do 
other  tissues,  liver  concentrations  of  contaminants  are  usually  considered  a 
"worst  case"  human  exposure. 


Second,  the  data  base  includes  values  as  reported.  Contaminant  analyses 
are  usually  made  on  dry  samples;  thus,  for  determination  of  human  exposures, 
sample  contaminant  concentrations  must  be  converted  to  fresh  weight  (as  con- 
sumed) basis.  Frequently,  fresh  weights  or  percent  moisture  values  are  not 
available  for  each  sample  and  the  original  data  must  be  obtained  or  a  standard 
conversion  factor  used.  This  introduces  additional  error  into  any  calculation 
of  exposure. 

Third,  many  of  the  species  analyzed  are  not  consumed  by  humans.  Plants 
such  as  green  algae,  widgeongrass,  and  cattails;  invertebrates  such  as  water 
boatmen  and  damselfly  nymphs;  fish  such  as  mosquitofish  and  fathead  minnows; 
and  birds  and  mammals  such  as  kill  deer,  swallows,  shrews,  and  mice  comprise  a 
significant  portion  of  the  data  base.  These  data  are  useful  for  examining 
wildlife  exposures  or  determining  bioaccumulation  factors,  but  are  not  valu- 
able for  assessing  human  exposures. 

Fourth,  many  of  the  sample  sizes  are  either  very  small  or  not  reported. 
Additionally,  some  values  were  expressed  as  geometric  means  and  others  as 
arithmetic  means.  As  such,  we  reported  a  range  of  means  for  each  study  as 
well  as  the  highest  value  reported  for  each  species  (to  estimate  the  "worst 
case"  exposure)  (see  chapters  4,  5,  and  6).  As  some  of  these  high  values  were 
high  means,  this  may  lead  to  an  underestimation  of  exposure  to  an  element  from 
a  particular  source  in  some  geographic  areas  and  an  overestimation  of  exposure 
to  an  element  in  other  areas. 

In  general,  with  the  exception  of  the  above  constraints,  the  Biological 
Residue  Data  Base  is  a  very  useful  compilation  of  data  for  examination  of 
contaminant  levels  in  fish  and  wildlife  in  the  western  San  Joaquin  Valley. 
This  data  base  is  being  continually  updated  with  new  information  and  may  be 
accessed  by  contacting: 

Stephen  B.  Moore 

Drainwater  Studies  Coordinator 

U.S.  Fish  and  Wildlife  Service 

San  Joaquin  Valley  Drainage  Program 

2800  Cottage  Way,  Room  W-2143 

Sacramento,  CA.  95825 

916-978-4969 

Selenium  Verification  Study 

The  Selenium  Verification  Study  began  in  1985  by  CDFG  for  the  SWRCB.  The 
study  has  been  conducted  statewide,  including  several  areas  in  the  western  San 
Joaquin  Valley.  These  data  are  useful  for  assisting  in  the  determination  of 
human  selenium  exposures  in  the  drainage  study  area.  For  this  project,  the 
Selenium  Verification  Study  -  1986  Report  (released  in  May,  1987)  was  used; 
however,  additional  study  results  (not  used  for  this  project)  were  released  by 
the  SWRCB  in  February,  1988.  As  an  additional  component  of  the  Selenium 
Verification  Study,  the  University  of  California  -  Davis,  Veterinary  Diagnos- 
tic Toxicology  Laboratory  has  been  conducting  analyses  to  detect  the  con- 
centrations of  twenty  other  elements  (including  arsenic,  boron,  cadmium, 
chromium,  copper,  mercury,  molybdenum,  and  zinc)  in  fish  and  wildlife  through- 
out the  state.  This  work  was  released  by  the  SWRCB  in  late  Spring,  1988. 
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For  this  document,  data  from  the  San  Joaquin  River  at  the  Merced  River, 
Salt  Slough,  Mud  Slough,  Camp  13  Ditch  (South  Grasslands),  Tulare  Lake  Drain- 
age District,  Twisselman  Road  (Westfarmers  evaporation  ponds),  Lost  Hills 
Ranch  evaporation  ponds,  and  the  Semitropic  Water  Storage  District  ponds  were 
evaluated.  Only  data  obtained  from  fish  and  wildlife  reported  to  be  used  as 
human  food  sources  were  included. 

Unlike  the  Biological  Residue  Data  Base,  most  of  the  sample  concentrations 
in  the  Selenium  Verification  Study  are  reported  on  a  wet-weight  basis.  Addi- 
tionally, concentrations  in  edible  tissue  are  usually  provided  along  with  a 
diagram  and  description  of  the  dissection  technique.  The  Selenium  Verifica- 
tion Study  also  provides  a  discussion  of  the  species  of  fish  or  wildlife 
sampled  in  each  of  the  collection  areas,  including  feeding  and  migratory 
patterns,  reproductive  habits,  and  the  probability  of  their  use  as  game  by 
hunters. 

Sample  size  is  also  fairly  small  in  the  Selenium  Verification  Study; 
results  were  reported  as  ranges  for  each  geographic  area  (see  chapter  4). 

The  Selenium  Verification  Study  is  a  very  useful  document  for  obtaining 
selenium  concentrations  in  selected  fish  and  wildlife  in  limited  regions  of 
the  drainage  study  area.  Because  of  the  manner  in  which  these  data  have  been 
collected  and  presented,  they  are  particularly  helpful  for  public  health 
assessments.   Information  regarding  the  Study  can  be  obtained  from: 

Dale  A.  Watkins 

Environmental  Specialist 

Agricultural  Drainage 

State  Water  Resources  Control  Board 

P.O.  Box  2000 

Sacramento,  CA.  95810 

916-324-5674 


AGRICULTURAL  CROP  AND  DOMESTIC  ANIMAL  DATA: 


U.S. 

Sal inity/Drainaqi 
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Force, 
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pressl . 

The  UC  Salinity/Drainage  Task  Force  was  initiated  in  January,  1985  to 
address  the  problems  of  agricultural  drainage  in  the  state  of  California.  In 
July,  1985,  a  $1.05  million  research  program  was  begun  through  a  competitive 
grant  process.  In  September,  1986  and  October,  1987  technical  progress  re- 
ports of  the  funded  research  projects  were  distributed.  These  progress  re- 
ports include  the  project  title,  the  source  of  funding,  the  duration  of  fund- 
ing, the  project  investigators,  the  research  staff,  project  collaborators,  an 
abstract,  project  objectives  addressed,  research  plan  and  procedures,  results, 
and  discussion  and  summary. 

The  projects  funded  by  the  UC  Salinity/Drainage  Task  Force  are  varied  and 
frequently  basic  in  nature.  They  are  most  useful  for  understanding  the  scien- 
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tific  principles  behind  drainage  contamination,  mineral  uptake  into  crops, 
bioconcentration  of  contaminants  in  the  aquatic  food-chain,  etc.  The  Special 
Publication  document  [in  press]  will  contain  some  additional  information  that 
is  more  directly  applicable  to  the  determination  of  public  health  risk  from 
exposure  to  drainage  contaminants.  The  most  useful  information  in  that  regard 
are  reports  by  Richard  Burau  et  al.,  that  provide  selenium  concentrations  in 
western  San  Joaquin  Valley  food  crops;  Anna  Fan  and  Ben  Norman,  that  estimate 
human  exposures  to  bovine  liver  selenium;  and  Anna  Fan,  that  calculated  the 
accumulation  of  selenium  in  melons,  cauliflower,  celery,  and  tomatoes,  and 
selenium  concentrations  in  nut  tissues.  These  are  cited  in  chapter  4. 

Copies  of  the  UC  Salinity/Drainage  Task  Force  reports  may  be  obtained  by 
contacting: 

Kenneth  Tanji 

Assistant  Director 

Agricultural  Experiment  Station 

127  Veihmeyer  Hall 

University  of  California 

Davis,  CA.  95616 

916-752-8255 

Selenium  Survey  in  Animals  and  Animal  Products.  California  Department  of 
Food  and  Agriculture,  Division  of  Animal  Industry,  Bureau  of  Animal  Health. 
February,  1986. 

Blood,  milk,  liver,  wool,  and  hair  samples  were  obtained  from  beef  and 
dairy  cattle,  goats,  horses,  sheep,  and  pigs  within  and  nearby  to  Kesterson 
National  Wildlife  Refuge  and  analyzed  for  selenium  concentration.  Control 
dairy  and  beef  herds  from  low-selenium  regions  were  used  to  compare  blood 
selenium  values.  [Note  the  value  of  biochemical  indicators  of  excessive 
selenium  exposure  in  Appendix  A,  Section  IX.]  Estimates  for  human  consumption 
of  these  products  was  also  provided. 

This  report  provides  useful  information  for  assessing  the  concentrations 
of  selenium  in  bovine  liver  and  milk  in  a  small  number  of  samples  in  the 
Kesterson  area.  This  report  was  prepared  under  contract  to  the  U.S.  Bureau  of 
Reclamation  and  may  be  obtained  from: 

Edwin  Lee 

San  Joaquin  Valley  Drainage  Program 

2800  Cottage  Way  (Room  W-2143) 

Sacramento,  CA.  95825 

916-978-4969 
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HUMAN  EXPOSURE  DATA: 

Selenium  and  Human  Health  Implication  in  California's  San  Joaquin  Valley. 
1988.  Fan,  A.M.;  Book,  S.A.;  Neutra,  R.R.;  and  Epstein,  P.M.  J.  Toxicol. 
Environ.  Hlth.  23:539-559. 

This  paper  provides  an  evaluation  of  the  human  health  impacts  from  ex- 
posure to  selenium  in  and  around  Kesterson  Reservoir.  Selenium  concentrations 
in  fish,  aquatic  birds,  waterfowl,  animals,  drinking  water,  soil,  and  air  were 
analyzed  for  their  potential  to  cause  negative  impacts  on  human  health. 
Additionally,  blood  and  urine  selenium  levels  in  Kesterson  workers  were  pres- 
ented. 

This  report  provides  an  excellent  compilation  of  information  related  to 
the  potential  health  risk  of  selenium  exposure  to  occupational  workers  and 
individuals  living  nearby  Kesterson  Reservoir.  This  reported  may  be  obtained 
from: 

Anna  Fan,  Ph.D. 

Staff  Toxicologist 

Community  Toxicology  Unit 

Department  of  Health  Services 

2151  Berkeley  Way,  Room  619 

Berkeley,  CA.  94704 

415-540-3066 


WATER  AND  SOIL  DATA: 

U.S.  Bureau  of  Reclamation,  Water  Quality  Analyses.  West  Side  -  San 
Joaquin  Valley,  July,  1987. 

The  U.S.  Bureau  of  Reclamation  report  on  water  quality  analyses  in  the 
west  side  of  the  San  Joaquin  Valley  provides  data  that  are  useful  for  public 
health  assessments.  Water  quality  data  have  been  collected  from  (1)  domestic 
well  sites  in  the  vicinity  of  Kesterson  Reservoir,  (2)  Kesterson  Reservoir 
surface  water  sites,  (3)  groundwater  sites  in  the  vicinity  of  Kesterson  Reser- 
voir, (4)  northern  Grassland  Water  District  sites,  (5)  San  Luis  Drain  checks, 
(6)  Kings  County  sites,  and  (7)  westside  creeks.  Water  quality  has  been 
determined  in  canal  water,  collector  drains,  creek  water,  domestic  wells,  farm 
drain  sumps,  observation  wells,  ponds,  weirs  between  ponds,  the  San  Luis 
Drain,  and  various  surface  water  sources. 

For  the  purpose  of  public  health  analyses,  data  from  canals,  creeks,  and 
surface  waters  were  used  primarily  for  determination  of  possible  dermal  ex- 
posures. While  it  cannot  be  ruled  out  that  these  waters  would  ever  be  con- 
sumed by  humans,  it  is  not  considered  likely  that  these  waters  would  be  a 
regular  source  of  significant  water  intake  for  any  individual.  Domestic  well 
water  is  assumed  to  be  consumed  by  humans  in  the  quantity  of  2  liters/day/ 
person. 
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Water  quality  analysis  has  included  determination  of  electrical  conduc- 
tivity and  arsenic,  boron,  cadmium,  chromium,  copper,  iron,  lead,  manganese, 
mercury,  molybdenum,  nickel,  lead,  selenium,  silver,  and  zinc  concentrations. 
Suspect  data  points  (those  that  are  possibly  the  result  of  analytical  error) 
are  clearly  marked. 

In  general,  these  data  are  very  useful  for  determining  the  concentrations 
of  a  large  number  of  elements  in  some  waters  in  the  Kesterson  area  to  which 
humans  may  have  access.  Water  samples  are  collected  and  analyzed  on  a  regular 
basis  so  that  temporal  trends  may  be  taken  into  consideration.  Only  a  small 
number  of  domestic  wells  are  included  in  the  survey;  however,  surface  water 
sources  (canals,  creeks,  and  sloughs)  are  well  represented  in  the  report. 
This  data  base  may  be  accessed  by  contacting: 

John  Fields 

Physical  Scientist 

U.S.  Bureau  of  Reclamation 

2800  Cottage  Way,  Room  W-2103 

Sacramento,  CA.  95825 

916-978-5581 


U.S.  Geological  Survey,  Selected  Water-Quality  Data  for  the  San  Joaquin 
River  and  its  Tributaries,  California,  June  to  September,  1985.  Open-File 
Report  86-74. 

This  survey  of  water  quality  in  the  San  Joaquin  River  and  its  tributaries 
was  conducted  by  the  U.S.  Geological  Survey  (USGS)  in  the  summer  of  1985  to 
determine  the  impact  of  agricultural  drainage  water  on  the  river,  delta,  and 
San  Francisco  Bay.  Eleven  sites  on  the  river  and  its  tributaries  were  selec- 
ted for  evaluation;  analyses  conducted  included  streamflow,  specific  conduc- 
tance (an  indirect  measure  of  dissolved  solids),  dissolved  solids,  and  total 
and  dissolved  concentrations  of  selenium,  boron,  and  molybdenum.  Samples  were 
collected  2  or  3  times  monthly  for  4  months. 

For  the  purposes  of  the  public  health  document,  the  San  Joaquin  River  near 
Stevinson,  Salt  Slough  near  Stevinson,  the  San  Joaquin  River  at  Freemont  Ford, 
and  Mud  Slough  near  Gustine  were  chosen  at  the  most  likely  sites  to  contain 
elevated  levels  of  trace  elements.  These  data  are  useful  for  determination  of 
possible  human  exposures  to  specific  trace  elements  in  certain  surface  water 
sources  in  the  western  San  Joaquin  Valley.  This  report  may  be  obtained  from: 

U.S.  Geological  Surveyor 

San  Joaquin  Valley  Drainage  Program 

2800  Cottage  Way 

Sacramento,  CA.  95825 

916-978-4643 

916-978-4969 
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Dissolved-Selenium  Data  for  Wells  in  the  Western  San  Joaquin  Valley, 
California,  February  to  July,  1985.  Open  File  Report  86-73. 

The  USGS  conducted  a  water  quality  survey  from  February  to  July  1985,  to 
determine  the  concentrations  of  dissolved  selenium  in  63  wells  in  the  western 
San  Joaquin  Valley.  Wells  from  both  the  unconfined  and  confined  aquifers  were 
sampled.  Wells  were  characterized  as  to  their  primary  use:  general  agricul- 
ture; commercial;  domestic;  irrigation;  industrial;  public  supply;  dewatering; 
and  unused.  These  data  are  useful  for  evaluation  of  the  selenium  concentra- 
tion in  domestic  water  supplies  in  the  western  San  Joaquin  Valley.  The  report 
may  be  obtained  from: 

U.S.  Geological  Survey  or 

San  Joaquin  Valley  Drainage  Program 

2800  Cottage  Way 

Sacramento,  CA.  95825 

916-978-4643 

916-978-4969 


Water-Quality  Data.  San  Joaquin  Valley,  California,  1985-1987,  USGS  Open 
File  Report  ( in  press) . 

The  USGS  has  conducted  water-quality  analyses  from  the  Tulare  Basin  region 
in  domestic  and  agricultural  wells.  Information  reported  in  this  document 
(currently  subject  to  revision)  includes  the  well  number,  station  number, 
date,  time,  depth  of  well,  elevation  of  land  surface,  specific  conductance, 
pH,  temperature,  hardness,  dissolved  solids,  alkalinity,  carbon  dioxide, 
sulfate,  as  well  as  concentrations  of  the  elements  calcium,  magnesium,  sodium, 
potassium,  chloride,  fluoride,  bromide,  iodide,  silica,  nitrogen,  phosphorus, 
carbon,  aluminum,  arsenic,  barium,  boron,  cadmium,  chromium,  copper,  iron, 
lead,  lithium,  manganese,  mercury,  molybdenum,  nickel,  selenium,  silver, 
strontium,  vanadium,  and  zinc. 

These  data  are  quite  useful  for  assessing  possible  human  exposures  to  many 
elements  in  water  and  may  be  obtained  (when  finalized)  from: 

Molly  Welker 

Hydrologist 

USGS  District  Office 

Water  Resources  Division 

Room  W-2234 

2800  Cottage  Way 

Sacramento,  CA.  95825 

916-978-4648 
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This  paper  provides  maps  of  selenium  and  mercury  concentrations  in  San 
Joaquin  Valley  soils.  This  paper  is  useful  for  determination  of  regional 
distribution  of  soil  element  levels  so  that  regions  with  the  highest  crop 
element  concentrations  may  be  estimated.  This  paper  is  available  from: 

Walter  Swain 

Hydrologist 

U.S.  Geological  Survey 

San  Joaquin  Valley  Drainage  Program 

2800  Cottage  Way 

Sacramento,  CA.  95825 

916-978-4969 


16 


CHAPTER  4 


Public  Health  Review  of  Data  and  Data  Gaps  for 
Selenium  in  the  Western  San  Joaquin  Valley 

In  almost  any  geographic  area,  various  forms  of  selenium  (Se)  will  be 
found  at  some  concentration  in  air,  ground  water,  surface  water,  soil,  plants, 
and  animals.  In  some  regions,  Se  levels  found  in  one  or  more  of  these  dif- 
ferent sources  may  be  much  higher  than  national  norms;  these  areas  are  called 
"seleniferous".  Because  of  their  geologic  origin,  soils  in  certain  isolated 
pockets  in  the  coastal  range  and  western  San  Joaquin  Valley  of  California  may 
be  considered  seleniferous.  Some  ground  waters  in  these  areas  have  also  been 
found  to  contain  naturally  elevated  levels  of  Se.  In  recent  years,  agricul- 
tural production  expanded  into  some  seleniferous  regions  of  the  western  San 
Joaquin  Valley.  As  is  the  case  with  many  other  agricultural  areas  in  the 
state,  irrigation  of  the  land  was  required  and  subsurface  drains  were  instal- 
led to  collect  and  remove  shallow  ground  water.  These  Se-laden  waters  were 
subsequently  transported,  either  directly  or  via  various  canals  and  ditches, 
to  the  San  Luis  Drain,  and  finally,  into  Kesterson  Reservoir  or  through  the 
Grassland  Water  District  en  route  to  the  San  Joaquin  River.  Surface  water, 
sediments,  plants,  and  some  fish  and  wildlife  in  Kesterson  Reservoir  acquired 
Se  levels  much  greater  than  would  be  expected  in  areas  far  removed  from  the 
original  seleniferous  region. 

Figure  2  depicts  various  routes  of  human  exposure  to  environmental  sources 
of  minerals  in  the  western  San  Joaquin  Valley,  which,  individually  or  togeth- 
er, have  been  evaluated  for  their  potential  contribution  to  excessive  intakes 
of  these  minerals.  Some  of  these  routes  are  direct  (e.g.,  consumption  of 
minerals  in  ground  water),  while  others  are  indirect  (e.g.,  consumption  of 
foods  that  have  been  irrigated  with  highly  mineralized  water).  The  primary 
routes  of  exposure  are:  consumption  of  wildlife,  fish,  plants  (including 
agricultural  produce),  livestock  and  livestock  products,  ground  water,  and 
surface  water,  as  well  as  inhalation  and  dermal  absorption  of  minerals  from 
air,  soil ,  or  water. 

Importance  of  Different  Se  Exposure  Routes  for  Human  Populations 

A  number  of  sources  of  data  were  used  to  assess  the  likelihood  of  exposure 
to  minerals  from  different  exposure  routes.  These  are  described  in  chapter  3. 
Data  from  the  Biological  Residue  Data  Base,  the  Selenium  Verification  Study, 
and  the  UC  Salinity/Drainage  Task  Force  are  presented  to  provide  examples  of 
selenium  concentrations  in  fish  and  wildlife,  some  vegetables,  and  bovine  milk 
and  liver  tissue  from  the  western  San  Joaquin  Valley  (tables  1  and  2).  These 
values  were  converted  to  fresh  weights  using  either  specific  data  provided  by 
the  study  or  national  averages,  when  individual  fresh  weights  were  not  avail- 
able. Typical  portion  sizes  (per  meal;  table  3)  (Pennington  and  Church,  1985; 
Watt  and  Merrill,  1975)  were  used  to  determine  the  micrograms  of  selenium 
provided  by  each  of  these  products,  using  the  range  of  mean  selenium  con- 
centrations for  each  type  of  foodstuff  and  the  highest  selenium  concentration 
found  ("worst  case").   [Because  of  large  potential  differences  among  individu- 
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Figure  2 
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Table  3.  Portion  Size  Averages  for  Exposure  Estimates, 


Milk  -   one  8  oz.   glass   (244  g) 

Liver,  breast  muscle,  or  whole  animal  -  3|  oz.  (100  g) 

Egg  -  one  egg  (chicken  size  -  50  g) 

Clam  -  4  to  5  large  clams  (-  100  g) 

Bell  pepper  -  1  large 

Broccoli  -  1  stalk 

Cabbage  -  1  cup  shredded 

Carrot  -  1  large 

Cauliflower  -  1  cup  pieces 

Lettuce  -  3?  ounces 

Lima  Beans  -  5/8  cups  . 

Onion  -  1  medium 

Tomato  -  1  small 

Cantaloupe  -  1  cup 

Corn  -  5?  inch  ear 

*Average  portion  sizes  were  obtained  from  Pennington  and 
Church,  1985;  Watt  and  Merrill,  1975. 


23 


als,  national  averages  concerning  typical  portion  sizes,  edible  portions, 
etc.,  must  be  interpreted  with  caution.]  Data  for  fish  and  wildlife  were 
reported  according  to  geographic  location;  Kesterson  Reservoir  and  San  Luis 
Drain  data  are  reported  independently. 

In  the  case  of  many  food  items,  some  national  averages  for  nutrient  con- 
centrations are  provided  by  various  publications,  including  the  14th  Edition 
of  Food  Values  of  Portions  Commonly  Used  (Pennington  and  Church,  1985).  Where 
available,  national  averages  for  selenium  concentrations  of  foodstuffs  have 
been  included  to  provide  comparison  values  to  that  of  local  products  (see 
table  2).  It  is  important  to  note,  however,  that  because  of  wide  geographic 
variability  as  well  as  inconsistencies  in  different  analytical  methodologies, 
national  trace  element  averages  may  not  be  reliable  (Pennington  and  Church, 
1985). 

Information  from  the  scientific  literature  also  has  been  used  to  evaluate 
the  relative  availability  of  selenium  from  different  exposure  routes.  This  is 
especially  important  in  cases  where  a  particular  exposure  route  may  strongly 
influence  the  rate  of  selenium  absorption.  This  information  is  more  fully 
described  in  Appendix  A. 

Based  on  the  information  above,  exposure  routes  have  been  ranked  for  their 
potential  contribution  to  exposure  of  humans  to  Se  in  the  local  area  and  are 
discussed  in  the  following  pages  and  summarized  in  table  4.  It  is  important 
to  note,  that  unless  specifically  stated,  rankings  do  not  necessarily  imply 
concomitant  health  risk  (i.e.,  a  ranking  of  3  does  not  imply  a  3-fold  greater 
health  risk  of  exposure  from  this  route  than  from  a  route  with  a  rank  of  1). 
The  criteria  used  to  rank  exposure  routes  were  as  follows:  a  ranking  of  1  was 
used  when  levels  of  the  element  obtained  from  this  route  generally  were  within 
nationally-expected  norms;  a  ranking  of  2  was  used  when  levels  of  the  element 
routinely  were  higher  than  national  norms,  but  the  route  would  not  necessarily 
provide  a  significant  portion  of  the  daily  intake;  a  ranking  of  3  was  used  if 
the  route  provided  higher  than  normal  levels  and  would  provide  a  significant 
portion  of  the  diet;  a  ranking  of  4  was  not  used,  but  would  be  indicated  if  a 
route  currently  was  being  evaluated  for  some  regulatory  or  advisory  action;  a 
ranking  a  5  was  used  when  health  advisories  limiting  exposure  via  this  route 
were  in  effect. 

Studies  of  fish  and  wildlife  in  the  Grassland  Water  District  have  indi- 
cated that  Se  has  accumulated  to  such  a  degree  in  some  areas  that  consumption 
of  these  animals  should  be  limited  in  the  general  population  or  avoided  al- 
together by  certain  subgroups  of  the  population  (e.g.,  children  and  pregnant 
women).  Health  advisories  issued  by  local  authorities  and  the  California 
Department  of  Health  Services  have  notified  persons  entering  affected  areas  of 
these  restrictions.  Given  present  information,  these  two  sources  would  be 
considered  the  most  likely  routes  of  Se  intake  in  excess  of  nutritional  re- 
quirement, were  their  ingestion  not  contraindicated  by  public  health  offi- 
cials. It  is  possible,  however,  that  birds  accumulating  hazardous  levels  of 
Se  in  one  area  could  migrate  to  another  area  where  ingestion  is  not  restrict- 
ed. Additionally,  the  degree  of  public  compliance  with  health  advisories  is 
unknown. 

Se  analyses  of  agricultural  crops  in  the  area  have  been  limited,  but,  so 
far,  do  not  indicate  a  potential  health  threat  for  persons  consuming  commer- 
cial produce  grown  in  the  western  San  Joaquin  Valley.  It  has  been  questioned 
whether  persons  practicing  subsistence  gardening  or  foraging  free-growing 
vegetation  in  seleniferous  regions  may  be  at  greater  risk  for  excessive  Se 
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Table  4.   Potential  Relative  Contribution  of  Different  Routes  of  Increased  Se 

Exposure  in  the  Western  San  Joaquin  Valley. 

Route   Rank  Comments 

WC  5  Certain  forms  of  wildlife  in  the  drainage  area  contain  suf- 
ficient levels  of  Se  that  consumption  of  these  animals,  par- 
ticularly organs  which  accumulate  Se,  should  be  1 imited. Allow- 
able consumption  rates  will  depend  on  predicted  total  dietary  Se 
loads. 

FC  5  As  is  the  case  with  animals,  certain  fish  in.  the  drainage  area 
contain  contain  excessive  Se  levels.  See  comments  above  for 
consumption  restrictions. 

PC  U  Field  and  laboratory  studies  of  plant  Se  levels  in  the  drainage 
area  have  been  limited.  Proposed  drainage  water  recycling  tech- 
may  increase  plant  Se  levels.  Further  monitoring  of  plant  Se 
levels  is  warranted. 

APC  U  Preliminary  evidence  from  bovine  milk  and  liver  samples  does  not 
suggest  excessive  Se  in  these  tissues.  Sampling  has  been  limit- 
ed, however,  and  more  data  are  necessary  to  assure  accepable  Se 
levels  in  animal  products. 


GWC 


1  Currently,  most  ground  water  in  the  area  does  not  exceed  federal 
drinking  water  guidelines  for  Se.  With  the  closure  of  the  San 
Luis  drain,  it  is  possible  this  situation  could  change.  Ground 
water  Se  levels  should  be  closely  monitored  in  the  drainage 
area. 

SWC  1  Surface  water  Se  levels  outside  Kesterson  Reservoir  and  the  San 
Luis  Drain  generally  do  not  exceed  35  ppb.  Direct  consumption 
of  this  water  would  probably  not  adversely  impact  human  health, 
but  could  contribute  to  higher  Se  levels  in  fish  and  wildlife. 

BDV  U  Preliminary  tests  of  airborne  particulate  Se  have  indicated  that 
levels  are  in  the  acceptable  range.  Concentrations  of  volatil- 
ized Se  compounds  are  largely  unknown,  however. 

DC     UL    Dermal  absorption  of  environmental  Se  appears  to  be  poor.  Hand- 
to-mouth  contact  could  occur  in  small  children  playing  in 
seleniferous  soils. 


WC  =  wildlife  consumption  U  =  unknown 

FC  =  fish  consumption  UL=  unlikely 

PC  =  plant  consumption  1  =  least  exposure 

APC  =  animal  and  animal  product  consumption         potential 

GWC  =  ground  water  consumption  5  =  greatest  exposure 

SWC  =  surface  water  consumption  potential 

BDV  =  breathing  dusts  and  volatilzed  compounds 

DC  =  dermal  contact 
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intake.  Investigations  to  date  have  not  been  sufficient  to  completely  rule 
out  this  possibility;  however,  preliminary  data  have  not  shown  cause  for  alarm 
(see  ethnographic  survey,  chapter  2).  Similarly,  analyses  of  bovine  tissues 
from  the  drainage  area  have  not  shown  elevated  tissue  Se  levels.  Once  again, 
additional  data  are  necessary  to  assess  completely  concentrations  of  Se  exist- 
ing in  local  domestic  animal  products. 

Selected  ground  waters  along  both  sides  of  the  California  coastal  range 
have  been  found  to  contain  Se  in  levels  that  exceed  Environmental  Protection 
Agency  (EPA)  drinking  or  irrigation  water  standards  (currently  set  at  10  and 
20  ppb,  respectively).  In  most  cases,  these  levels  are  not  known  to  be  re- 
lated to  agricultural  drainage  or  other  industrial  practices  and  appear  to 
exist  naturally.  In  the  western  San  Joaquin  Valley,  ground  water  used  for 
drinking  has  not  been  found  to  exceed  drinking  water  standards,  and  is  there- 
fore presumed  not  to  be  a  health  risk  at  this  time  (the  highest  Se  concentra- 
tion in  domestic  wells  in  the  Kesterson  vicinity  was  5  ppb,  U.S.  Bureau  of 
Reclamation  Water  Quality  Analyses,  1987  [see  chapter  3]).  However,  concern 
has  been  expressed  that,  because  of  the  closure  of  the  San  Luis  Drain,  water 
containing  high  levels  of  Se  may  begin  to  percolate  down  to  ground  water 
aquifers  and  contaminate  presently  safe  drinking  water  sources.  Numerous 
wells  now  exist  to  monitor  local  drinking  water  aquifers  for  such  an  occur- 
rence. 

With  the  exception  of  the  now  closed  Kesterson  Reservoir  and  San  Luis 
Drain,  surface  waters  in  the  study  area  do  not  usually  exceed  35  ppb  Se  (U.S. 
Bureau  of  Reclamation  Water  Quality  Analyses,  1987  [see  chapter  3]).  These, 
and  somewhat  lower,  values  have  been  found  in  Mud  and  Salt  Sloughs,  which 
drain  seleniferous  lands.  Direct  consumption  of  this  water,  although  not 
expected,  would  increase  the  daily  selenium  intake  of  an  individual  and  im- 
pinge upon  the  safety  margin  for  this  element.  A  few  canals  in  Merced  County 
have  been  found  to  contain  considerably  higher  Se  concentrations  on  an  ir- 
regular basis  (as  high  as  100-200  ppb  Se)  These  canals  are  used  interchan- 
geably to  move  both  irrigation  and  drainage  waters  and,  thus,  selenium  con- 
centrations may  vary  50-fold  depending  on  the  date  of  sampling.  Because  canal 
water  is  not  believed  to  be  consumed  directly  by  humans,  these  waters  are  not 
expected  to  serve  as  a  regular  source  of  Se  exposure  for  human  populations. 
Surface  waters  in  the  study  area  that  provide  drinking  water  for  municipal 
uses  have  not  been  found  to  exceed  established  EPA  limits. 

Although  most  surface  waters  in  the  drainage  area  are  not  used  for  drink- 
ing water,  they  may  provide  an  important  indirect  source  of  selenium  exposure 
in  humans.  Bioaccumulation  of  Se  may  occur  in  plants  or  wildlife  found  in 
these  waters  when  Se  concentrations  exceed  very  low  levels.  Consumption  of 
such  wildlife  must  be  considered  a  potentially  significant  source  of  Se. 

Se  is  naturally  volatilized  from  soil,  sediments,  plants,  and,  when  con- 
sumed in  excess,  from  animals.  The  predominant  form  of  volatilized  Se  is 
believed  to  be  dimethylselenide  (see  Appendix  A).  This  form  is  generally 
considered  far  less  toxic  than  selenite  or  selenate;  however,  this  assessment 
has  not  been  made  for  the  known  route  of  human  exposure  of  this  compound, 
i.e.,  inhalation.  Additionally,  toxicity  values  for  dimethylselenide  were 
derived  only  from  acute  exposures;  effects  of  long-term,  low-level  exposures 
have  not  been  investigated.  Anecdotal  evidence  indicates  that  inhalation  of 
dimethylselenide  may  cause  pulmonary  sequelae  known  as  "rose  cold"  symptoms; 
the  dose  required  to  elicit  such  a  response  is  not  known  (see  appendix  A). 
Study  of  the  acute  inhalation  toxicity  of  dimethylselenide  has  recently  been 
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initiated  by  University  of  California  researchers. 

Other  forms  of  Se  may  exist  in  the  air  as  particulate  matter.  These  forms 
of  Se  are  considered  to  predominate  in  urban  (as  a  result  of  industrial  proce- 
sses), rather  than  rural,  environments  and  have  not  been  shown  to  contribute 
significantly  to  the  average  daily  intake  of  Se.  Airborne  movement  of  par- 
ticulate Se  from  seleniferous  soils  could  possibly  increase  Se  exposure  of 
nearby  residents,  but  preliminary  testing  has  shown  concentrations  of  airborne 
particulate  Se  to  be  within  acceptable  occupational  limits  within  Kesterson 
Reservoir  itself  (see  chapter  2).  Presumably,  airborne  Se  concentrations 
would  be  lower  outside  the  reservoir  because  of  dispersion.  Soil  Se  con- 
centrations (from  which  airborne  particulate  Se  is  derived)  in  other  selenife- 
rous regions  of  California  (e.g.,  the  Panoche  Fan)  are  generally  far  lower 
than  those  found  in  Kesterson  Reservoir. 

Humans  may  come  in  dermal  contact  with  Se  from  soil,  water,  and  air.  Very 
few  data  exist  regarding  dermal  absorption  of  selenium  compounds;  however, 
most  non-industrial  forms  of  Se  are  believed  to  be  absorbed  poorly  through 
intact  skin;  however,  absorption  through  abraded  skin  could  be  somewhat  grea- 
ter (see  Appendix  A).  Dermal  exposure  to  seleniferous  soils  could  lead  to 
increased  Se  ingestion  via  hand-to-mouth  contact  in  certain  population  groups, 
e.g.,  small  children.  Based  on  maximum  soil  selenium  concentrations  outside 
Kesterson  Reservoir  and  the  San  Luis  Drain  (approximately  4  ppm),  even  daily 
consumption  of  a  few  grams  of  soil  would  not  increase  selenium  intake  levels 
significantly  in  these  children. 

Human  Health  Effects  of  Exposure  to  Se 

Health  correlates  for  different  Se  exposures  are  presented  in  table  5. 
These  examples  are  referenced  and  described  in  more  detail  in  Appendix  A. 
Clearly,  some  levels  of  Se  intake  several -fold  above  those  recommended  for 
safety  and  adequacy  have  failed  to  cause  discernible  Se  toxicity  symptoms. 
Accordingly,  there  appears  to  be  a  safety  margin  between  required  levels  of  Se 
and  those  causing  overt  toxicity  that  is  difficult  to  exceed  by  normal  dietary 
means.  However,  there  is  the  possibility  that  previously  unrecognized  effects 
could  result  from  exposure  to  Se  within  this  margin.  Although  negative  health 
outcomes  following  this  range  of  intake  are  possible  as  well,  current  biomedi- 
cal research  in  this  area  has  concentrated  on  the  hypothesized  cancer  chemo- 
preventive  effects  of  Se,  when  provided  in  levels  that  are  in  excess  of  the 
nutritional  requirement.  This  hypothesis  has  been  supported  by  animal  labora- 
tory research  and  epidemiological  data  obtained  from  humans;  human  clinical 
trials  are  now  in  progress.  Exactly  what  intake  level  of  Se  maximizes  health 
while  not  imparting  negative  health  consequences  remains  to  be  elucidated. 

Evidence  provided  to  date  would  indicate  that,  under  current  conditions 
and  providing  public  adherence  to  safety  guidelines,  health  risks  from  exces- 
sive Se  exposure  for  persons  residing  in  the  western  San  Joaquin  Valley  are 
not  occurring.  Additional  monitoring  of  selenium  concentrations  in  local 
food,  water,  and  air,  as  well  as  further  assessment  of  special  population  sub- 
groups who  may  have  unusual  exposures  to  Se  will  help  to  assure  maintenance  of 
safe  levels  of  selenium  exposure  in  the  western  San  Joaquin  Valley. 
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Table  5.  Human  Health  Effects  Associated  with  Se  Exposures. 
Dose Source Comments   


50-200  ug/d   Total  Diet 


**, 


100-250  ug/d  Water 


500  ug/d 


590  ug/d 


Total  Diet 


Total  Diet 


600  ug/d     Diet  + 

Supplement 

2000  ug/d     Supplement 


3500  ug/d     Supplement 


3200-6690     Total  Diet 
ug/d 

700-14,000***  Total  Diet 
ug/d 


18,000  ug/d   Water 


350,000  ug    Supplement 


27,000  ug/d   Supplement 


Suggested  as  "safe  and  adequate"  in  the  1980 
Recommended  Dietary  Allowances 

No  increase  in  prevalence  of  85  abnormal 
health  status  indicators 

Estimated  consumption  in  extreme  fish- 
eating  Japanese  populations;  recommended 
as  the  tentative  maximum  permissible  intake 

No  evidence  of  toxicity  in  population 
from  seleniferous  region  of  U.S. 

No  evidence  of  toxic  effects  in  one  person 
after  18  months 

Consumption  of  NaS03  for  2  years  caused 
thickened,  fragile  nails  and  garlic  odor  of 
dermal  excretions  in  one  62  yr  old  male 

Caused  no  apparent  toxic  effects  when  given 
to  Finnish  neuronal  ceroid  lipofuscinosis 
patients  for  1  year 

Estimated  selenium  intake  in  families  in 
seleniferous  region  of  China 

76%  of  those  interviewed  in  seleniferous 
region  of  U.S.  had  mild,  non-specific 
symptoms 

Consumption  for  3  mo.  caused  hair  loss, 
weakened  nails,  listlessness  in  Ute  Indian 
family  in  Colorado 

Single  dose  induced  vomiting,  diarrhea, 
cramps,  paresthesias 

From  1  tablet  to  77  tablets  over  Z\   months 
caused  nausea,  nail  and  hair  changes, 
peripheral  neuropathy,  garlic  breath  odor, 
fatigue,  irritability 


References  may  be  found  in  Appendix  A. 
++Assumed  consumption  of  2  liters  water/day. 
Converted  to  70  kg  man  equivalent. 
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CHAPTER  5 


Public  Health  Review  of  Data  and  Data  Gaps 
for  Boron  in  the  Western  San  Joaquin  Valley 

Boron  is  ubiquitous  in  the  environment,  occurring  widely  in  soils,  plants, 
and  animals.  Boron  is  found  in  particularly  high  concentrations  in  some 
regions  of  the  western  United  States;  ground  and  surface  water  boron  con- 
centrations in  the  western  San  Joaquin  Valley,  for  example,  have  been  found  as 
high  as  70  and  83  ppm,  respectively  (Hansen  and  Morehardt,  1987).  This  com- 
pares to  average  drinking  water  concentrations  of  0.114  ppm  (see  Appendix  B). 
Boron  is  known  to  be  transported  through  the  environment  in  drainage  waters 
and  has  been  found  to  occur  in  exceedingly  high  levels  (reported  up  to  3390 
ppm  dry  weight;  Schuler,  1987)  in  some  plants  or  seeds  where  drainage  waters 
have  been  collected  (e.g.,  Kesterson  Reservoir  and  some  evaporation  ponds). 

Environmental  boron  has  been  considered  a  plant  toxicant  in  the  past; 
however,  recent  experimental  data  (  Smith,  personal  communication)  indicate 
that  high  dietary  boron  levels  can  also  cause  death  and  reproductive  failures 
in  ducks.  The  significance  of  this  information  for  humans  is  unknown,  al- 
though severe  toxicity  of  this  type  in  wildlife  justifies  evaluation  as  a 
potential  human  health  concern. 

Potential  human  exposure  sources  for  boron  in  the  western  San  Joaquin 
Valley  are  depicted  in  Figure  2  (chapter  3).  Exposure  to  these  sources  may 
occur  by  different  routes;  these  have  been  evaluated  for  the  likelihood  that 
they  may  contribute  to  the  intake  of  boron  compounds  in  humans.  The  primary 
routes  of  exposure  in  humans  are:  consumption  of  wildlife,  fish,  plants 
(including  agricultural  crops),  livestock  and  livestock  products,  ground  water 
and  surface  water,  as  well  as  inhalation  and  dermal  absorption  of  minerals 
from  air,  soil,  or  water. 

Importance  of  Different  Boron  Exposure  Routes  for  Human  Populations 

Only  a  few  sources  of  data  were  available  to  assess  the  likelihood  of 
exposure  to  boron  from  different  exposure  routes.  These  are  described  in 
chapter  3.  Limited  data  available  from  the  Biological  Residue  Data  Base  were 
used  to  predict  boron  ingestion  from  the  consumption  of  some  fish  and  wildlife 
in  the  western  San  Joaquin  Valley  (table  6).  These  values  were  converted  to 
fresh  weight  and  typical  portion  sizes  as  described  in  chapter  3.  Additional- 
ly, concentrations  of  boron  in  experimentally-induced  boron  intoxicated  wild- 
life were  obtained  from  some  U.S.  Fish  and  Wildlife  Service  studies  (e.g., 
Smith,  personal  communication).  These  values  are  relevant  to  boron  exposures 
that  may  be  expected  from  consumption  of  locally  contaminated  wildlife  and 
provide  a  degree  of  dose-response  information  for  boron  toxicity  in  animals 
that  otherwise  is  not  available  from  the  scientific  literature.  Boron  con- 
centrations in  area  crops  or  domestic  animals  were  not  available. 


*Greg  Smith,  Ph.D.  is  a  Research  Wildlife  Biologist  with  the  U.S.  Fish 
and  Wildlife  Service,  Patuxent  Wildlife  Research  Center,  Laurel  MD. 
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Information  from  the  scientific  literature  also  has  been  used  to  assess 
the  relative  availability  of  boron  from  different  exposure  routes.  This 
information  is  more  fully  described  in  Appendix  B. 

Based  on  the  information  above,  exposure  routes  have  been  ranked  for  their 
potential  contribution  to  boron  exposure  in  humans  in  the  western  San  Joaquin 
Valley.  These  routes  are  discussed  in  the  following  paragraphs  and  summarized 
in  table  7.  It  is  important  to  note,  that  assignment  of  ranking  to  a  par- 
ticular exposure  source  does  not  necessarily  imply  a  concomitant  health  risk 
associated  with  that  exposure  (i.e.,  a  ranking  of  3  for  an  exposure  source 
does  not  imply  a  3-fold  greater  health  risk  from  this  source  than  from  another 
source  with  a  rank  of  1). 

Studies  have  shown  that  increased  boron  ingestion  in  animals  leads  to 
higher  boron  tissue  concentrations  (Nielsen,  1986;  Smith,  personal  communica- 
tion). Thus,  human  consumption  of  fish  and  wildlife  subjected  to  high  en- 
vironmental boron  would  yield  greater  human  exposure  to  this  element  than 
otherwise  would  be  expected  from  these  sources.  However,  limited  monitoring 
of  boron  tissue  levels  in  fish  and  wildlife  in  the  drainage  study  area  and 
experimental  studies  of  boron-intoxicated  ducks  have  indicated  that  animal 
tissue  boron  concentrations  are  generally  far  less  than  average  boron  con- 
centrations found  in  typical  plants  throughout  the  United  States. 

Studies  of  boron  concentrations  in  plant  tissue  in  the  western  San  Joaquin 
Valley  have  been  reported  only  in  plants  consumed  as  food  by  wildlife.  Boron 
concentrations  found  in  some  Kesterson  Reservoir  flora  (Schuler,  1987)  exceed 
adverse  effect  levels  for  ducks  (Smith,  personal  communication);  however, 
these  plants  are  not  known  to  be  consumed  by  humans.  Levels  of  boron  in 
agricultural  produce  grown  in  the  drainage  area  have  not  been  investigated. 
Similarly,  boron  concentrations  in  domestic  livestock  have  not  been  studied  in 
the  western  San  Joaquin  Valley. 

The  median  values  for  boron  found  in  ground  and  surface  water  in  the 
drainage  area  in  1986  were  6,000  and  1,700  ppb,  respectively  (Hansen  and 
Morehardt,  1987).  Domestic  wells  near  Kesterson  Reservoir  have  been  found  to 
contain  7,000  ppb  boron  (USBR  Water-Quality  Analyses,  see  chapter  3).  Water 
is  considered  a  significant  source  of  boron  for  humans  in  many  areas  of  the 
western  San  Joaquin  Valley. 

Unlike  selenium,  boron  is  not  known  to  be  volatilized  in  the  environment. 
Thus,  exposure  via  inhalation  would  be  limited  to  breathing  dusts  containing 
particulate  boron  compounds.  It  is  unlikely  that  exposure  to  airborne  boron 
would  be  significant  in  any  environmental  setting. 

Boron  in  the  form  of  boric  acid  is  not  well  absorbed  through  intact  skin. 
Dermal  contact  is  considered  an  unlikely  source  of  boron  exposure  for  resi- 
dents of  the  western  San  Joaquin  Valley.  Hand-to-mouth  contact  of  soil  con- 
taining high  levels  of  boron  is  a  possible  exposure  route  in  small  children. 
Results  of  a  UC  -  Davis  leaching  study  conducted  in  1969  showed  that  surface 
soil  boron  concentrations  in  the  Lost  Hills  region  of  the  western  San  Joaquin 
Valley  (a  high-boron  area)  have  ranged  from  1-14  ppm  (reported  in  Steele, 
1983).  Even  daily  consumption  of  several  grams  of  this  soil  would  not  provide 
a  significant  source  of  dietary  boron  for  children. 
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Table  7.  Potential  Relative  Contribution  of  Different  Routes  of  Increased 
Boron  Exposure  in  the  Western  San  Joaquin  Valley. 

Route    Rank  Comments 

WC      U    Wildlife  exposed  to  high  environmental  boron  should  have  higher 
tissue  boron  concentrations  than  normally  expected;  however, 
animal  tissue  is  not  a  major  source  of  boron  for  humans. 

FC      2    Consumption  of  fish  found  in  the  study  area  would  likely  con- 
tribute more  to  boron  intake  in  humans  than  fish  found  in  other 
geologic  areas;  however,  boron  concentrations  found  in  local 
fish  are  still  far  less  than  average  boron  levels  found  in 
typical  plants  foodstuffs. 

PC      U    Boron  concentrations  in  agricultural  produce  in  the  western  San 
Joaquin  Valley  have  not  been  reported.   It  is  probable  that 
plant  consumption  would  provide  the  greatest  source  of  boron  in 
the  human  diet;  however,  the  relative  concentration  of  boron  in 
agricultural  produce  from  the  western  San  Joaquin  Valley  com- 
pared to  produce  from  other  geographic  regions  is  unknown. 

APC     U    Boron  concentrations  in  domestic  animal  products  in  the  western 
San  Joaquin  Valley  have  not  been  analyzed. 

GWC     3    Ground  waters  have  been  found  to  contain  higher  levels  of  boron 
in  the  drainage  area  than  many  other  areas  of  the  U.S.  Ground 
water  is  likely  to  serve  as  a  major  contributor  to  boron  intake 
in  humans. 

SWC     3    Many  surface  water  sources  also  contain  relatively  high  boron 
levels  in  the  western  San  Joaquin  Valley.   If  these  waters  are 
consumed  directly,  they  would  provide  a  significant  portion  of 
the  daily  boron  intake  in  humans. 

BDV     UL   Boron  is  not  known  to  be  volatilized  in  the  environment. 
Breathing  particulate  boron  dusts  would  not  likely  con- 
tribute measurably  to  human  boron  exposure. 

DC      UL   Dermal  absorption  of  boron  through  intact  skin  is  probably  very 
low.  Although  direct  contact  with  concentrated  boron  compounds 
on  abraded  skin  has  caused  systemic  illness,  it  is  unlikely  that 
this  would  be  an  environmentally  significant  route  of  human 

exposure. 

WC  =  wildlife  consumption  U  =  unknown 

FC  =  fish  consumption  1  =  least  exposure 

PC=  plant  consumption  potential 

APC  =  animal  and  animal  product  consumption    5  =  greatest  exposure 

GWC  =  ground  water  consumption  potential 

SWC  =  surface  water  consumption 

BDV  =  breathing  dusts  and  volatilzed  compounds 

DC  =  dermal  contact 
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Human  Health  Effects  of  Exposure  to  Boron 

Health  correlates  of  exposure  to  boron  compounds  are  presented  in  table  8. 
These  examples  are  referenced  and  described  in  more  detail  in  Appendix  B. 
There  is  a  paucity  of  information  regarding  human  toxicity  following  boron 
exposure,  especially  from  environmental  sources.  From  animal  studies  it 
appears  that  male  reproductive  effects,  including  testicular  degeneration  and 
decreased  spermatogenesis,  are  among  the  most  sensitive  known  indicators  of 
boron  toxicity.  There  only  has  been  one  preliminary  study  (conducted  in 
Russia)  that  has  addressed  this  possibility  in  humans.  A  tendency  toward 
reduced  sexual  function  in  Russian  men  consuming  water  with  a  boron  concentra- 
tion of  0.3  ppm  was  noted  in  a  small  epidemiologic  survey  [see  Appendix  B] . 
This  is  the  only  known  report  of  apparent  ill -effect  from  an  environmental 
source  of  boron.  Because  other  confounding  factors  that  might  have  affected 
sexual  function  were  not  considered  or  eliminated,  this  work  should  be  con- 
sidered prel iminary. 

Because  of  the  dearth  of  information  regarding  concentrations,  forms,  and 
relative  toxicities  of  dietary  boron  compounds,  it  is  not  possible  to  assess 
the  potential  risk  from  exposure  to  boron  in  levels  found  in  the  western  San 
Joaquin  Valley.  Additionally,  there  is  uncertainty  surrounding  possible 
physiologic  roles  for  boron  in  humans  and  animals. 
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Table  8.  Human  Health  Effects  Associated  with  Boron  Exposures 


Dose 


Source 


Comments 


Unknown 


Unknown 


600  ug/d 


Mouthwash 


Borax  Washing 
Powder 

Drinking  Water 


Consumption  of  large  quantities 
of  mouthwash  with  boric  acid 
caused  total  alopecia  in  1  person 

Daily  contact  for  6  yrs  caused 
total  alopecia  in  1  person 

Tendency  toward  decreased  sexual 
function  in  males 


1500-2000  mg   Intravenous  borax 


2240-3500  mg   Intravenous  borax 


Caused  nausea,  vomiting,  urgent 
defecation  and  micturition, 
within  2  minutes  in  10  patients 

Caused  abnormalities  in  electro- 
cardiograms in  7  patients 


44,800  mg 


Oral  boric  acid 


Lowest  oral  lethal  dose  reported 
in  humans 


602,000  mg     Dermal  boric  acid 


Lowest  dermal  lethal  dose  reported 


^References  may  be  found  in  Appendix  B. 
^Assumed  consumption  of  2  liters  water/day, 
Converted  to  70  kg  man  equivalent. 
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CHAPTER  6 


Public  Health  Review  of  Data  and  Data  Gaps 
for  Molybdenum  in  the  Western  San  Joaquin  Valley 

Molybdenum  is  found  widely  in  the  environment,  always  in  conjunction  with 
other  elements.  The  largest  deposits  of  molybdenum  are  found  in  the  Western 
Hemisphere;  some  regions  of  the  western  United  States  are  a  particularly  rich 
source.  Molybdenum  is  a  required  nutrient  for  microorganisms,  plants,  and 
animals.  Dietary  molybdenum  deficiency  has  never  been  described  in  human 
populations;  molybdenum  toxicity  from  natural  sources  of  this  element  is 
considered  a  greater  risk  to  humans  than  deficiency  (NRC,  1980). 

Various  human  exposure  sources  for  minerals,  including  molybdenum,  in  the 
western  San  Joaquin  Valley  are  depicted  in  Figure  2  (chapter  3).  The  primary 
routes  of  exposure  are:  consumption  of  wildlife,  fish,  plants  (including 
agricultural  crops),  livestock  and  livestock  products,  ground  water  and  sur- 
face water,  as  well  as  inhalation  and  dermal  absorption  of  minerals  from  air, 
soil ,  or  water. 

Importance  of  Different  Molybdenum  Exposure  Routes  for  Human  Population 

Very  few  data  are  available  for  estimation  of  human  molybdenum  exposures 
in  the  western  San  Joaquin  Valley.  Data  from  the  Biological  Residue  Data  Base 
and  the  U.S.  Geological  Survey  (USGS)  (see  chapter  3)  were  used  to  provide 
molybdenum  concentrations  in  some  fish  in  Kern  and  Merced  Counties  (table  9) 
and  water  in  the  Tulare  Basin  region.  As  described  in  chapter  3,  fish  were 
converted  to  fresh  weights  and  typical  portion  sizes  so  that  human  exposures 
to  molybdenum  could  be  estimated. 

Information  from  the  scientific  literature  was  also  used  to  assess  the 
importance  of  some  routes  of  molybdenum  exposure  (e.g.,  dermal  and  inhalation 
exposures) . 

Based  on  the  above  information,  exposure  routes  have  been  ranked  for  their 
presumed  contribution  to  overall  molybdenum  intake  in  human  populations  in  the 
western  San  Joaquin  Valley.  These  routes  are  discussed  in  the  following 
paragraphs  and  summarized  in  table  10.  Rankings  do  not  necessarily  imply 
concomitant  health  risk  (i.e.,  a  ranking  of  3  for  an  exposure  routes  does  not 
mean  a  3-fold  increase  in  health  risk  from  this  route  than  from  a  route  with  a 
rank  of  1) . 

Only  two  species  of  fish  with  a  few  samples  each  have  been  analyzed  for 
molybdenum  concentrations  in  the  Grasslands  area.  Concentrations  in  these 
fish  are  quite  low  compared  to  overall  human  molybdenum  intake  levels  and  thus 
would  not  make  a  significant  contribution  to  dietary  molybdenum;  however,  the 
sample  size  is  insufficient  to  assure  that  these  values  are  representative  of 
fish  throughout  the  western  valley.  Data  for  molybdenum  concentrations  in 
area  wildlife  are  not  available. 

Molybdenum  analyses  of  agricultural  crops  and  domestic  animals  in  the 
western  San  Joaquin  Valley  have  not  been  performed. 

Ground  and  surface  waters  in  the  Kesterson  area  have  not  been  found  to 
exceed  those  reported  for  treated  water  in  large  U.S.  cities.   Along  the 
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Table  10.  Potential  Relative  Contribution  of  Different  Routes  of  Increased  Mo 
Exposure  in  the  Western  San  Joaquin  Valley. 

Route    Rank  Comments 

WC      U    Measurement  of  the  Mo  concentration  in  wildlife  tissue  has  been 

very  limited.    Experimental  evidence  indicates  that  animal 

tissue  Mo  will  increase  as  a  result  of  greater  Mo  exposures; 

however,  whether  this  would  provide  a  signficant  source  of 

dietary  Mo  in  humans  is  unknown. 

FC  U  In  the  few  studies  reporting  fish  Mo  concentrations  in  the 
western  San  Joaquin  Valley,  values  have  been  low.  However,  data 
are  not  sufficient  to  quantify  the  extent  of  this  exposure 
source  in  humans. 

PC  U  Data  regarding  food  crop  levels  of  molybdenum  in  the  western  San 
Joaquin  Valley  have  not  been  reported.  A  few  reports  from 
outside  the  -U.S.  have  documented  negative  health  effect  ap- 
parently resulting  from  high-Mo  levels  in  local  foods,  but 
comparison  values  do  not  exist. 

APC  U  Animal  products  have  not  been  evaluated  for  molybdenum  content 
in  the  drainage  area. 

GWC  1  Because  molybdenum  is  not  a  regulated  trace  element,  concentra- 
tions of  Mo  in  public  drinking  water  supplies  are  not  measured. 
Mo  concentrations  in  Kesterson  area  domestic  wells  would  not 
contribute  significantly  to  typical  levels  of  intake. 

SWC  1  With  the  exception  of  the  San  Luis  Drain,  surface  water  Mo  cen- 
trations  in  the  drainage  area  do  not  appear  to  be  excessive. 

BDV  UL  Mo  is  not  known  to  be  volatilized  in  the  environment.  Breathing 
particulate  Mo  dusts  would  not  likely  contribute  measurably  to 
human  Mo  ingestion. 

DC      UL   Dermal  absorption  of  Mo  compounds  via  the  skin  has  not  been 
reported  and,  consequently,  is  probably  very  low. 

WC  =  wildlife  consumption  U  =  unknown 

FC  =  fish  consumption  UL=  unlikely 

PC  =  plant  consumption  1  =  least  exposure 

APC  =  animal  and  animal  product  consumption         potential 

GWC  =  ground  water  consumption  5  =  greatest  exposure 

SWC  =  surface  water  consumption  potential 

BDV  =  breathing  dusts  and  volatilized  compounds 

DC  =  dermal  contact 
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western  side  of  the  Tulare  Basin,  however,  domestic  well  waters  have  been 
found  to  contain  up  to  160  ppb  molybdenum  (see  chapter  3).  Although  a  federal 
drinking  water  standard  for  molybdenum  has  not  been  set,  this  concentration  of 
molybdenum  in  drinking  water  would  provide  64%  of  the  maximum  recommended 
"safe  and  adequate"  level  of  intake  for  this  element  (see  below). 

Although  data  do  not  exist  regarding  absorption  rates  of  inhaled  molyb- 
denum compounds  in  humans,  inhalation  is  considered  an  unlikely  route  of 
molybdenum  exposure  in  humans  in  the  western  San  Joaquin  Valley.  Evidence  has 
not  been  found  in  the  scientific  literature  to  indicate  that  inhalation  ex- 
posures to  molybdenum  in  environmental  settings  have  caused  harm  in  humans. 

Similarly,  data  on  skin  absorption  of  environmental  molybdenum  sources 
have  not  been  reported.  There  is  no  indication  that  dermal  contact  is  a  major 
route  of  molybdenum  exposure  for  residents  of  the  drainage  area.  Hand-to- 
mouth  ingestion  of  high-molybdenum  soils  would  be  a  possible  route  of  human 
molybdenum  exposure,  particularly  in  small  children.  Although  molybdenum 
concentrations  in  valley  soils. have  not  been  well  mapped,  this  is  considered 
an  unlikely  route  of  significant  molybdenum  exposure. 

Human  Health  Effects  of  Exposure  to  Molybdenum 

Health  correlates  of  exposure  to  molybdenum  compounds  are  presented  in 
table  11.  These  examples  are  referenced  and  described  in  more  detail  in 
Appendix  C.  The  1980  Recommended  Dietary  Allowance  estimated  that  150  to  500 
ug/day  is  a  "safe  and  adequate"  level  of  molybdenum  ingestion  for  adults  in 
the  U.S.  population.  Dietary  levels  of  molybdenum  only  slightly  higher  (540 
ug/day)  have  been  reported  to  cause  increased  copper  excretion  in  humans. 
Thus,  only  marginally  high  dietary  levels  of  molybdenum  may  have  a  negative 
impact  on  copper  status  in  humans.  Insufficient  information  regarding  the 
concentration  of  molybdenum  in  local  food  and  water  supplies  severely  re- 
stricts assessment  of  molybdenum  consumption  levels  in  western  San  Joaquin 
Valley  residents.  Levels  of  molybdenum  intake  in  the  United  States  have  been 
estimated  to  range  from  120-240  ug/day  (see  Appendix  C).  These  levels  may  be 
exceeded  by  consumption  of  water  alone  in  some  areas  of  the  Tulare  Basin; 
however,  the  public  health  significance  of  this  cannot  be  determined  without 
information  regarding  the  total  dietary  exposure  to  molybdenum  in  the  region. 
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Table  11.  Human  Health  Effects  Associated  with  Mo  Exposures.* 
Dose Source Comments 


150-500  ug/d    Total  Diet 


540  ug/d 


Unknown 


10,000- 
15,000  g/d 


Total  Diet 


Total  Diet 


Total  Diet 


suggested  as  "safe  and  adequate"  in  the  1980 
Recommended  Dietary  Allowances 

consumption  of  high-Mo  sorghum  increased 
copper  excretion  nearly  3-fold  compared  to  a 
low-Mo  diet 

consumption  of  high-Mo  sorghum  may  have 
exacerbated  development  of  osteoporosis  in  a 
region  of  India 

a  medical  survey  in  a  high-Mo  15,000  ug/d 
region  of  Russia  indicated  increased  reva- 
lence  of  a  gout-like  disorder 


*References  may  be  found  in  Appendix  C. 
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APPENDIX  A 
SELENIUM 


I.  INTRODUCTION 

Selenium  (Se)  has  long  been  recognized  for  its  toxic  properties;  Se  was 
the  first  element  identified  in  native  vegetation  in  levels  sufficient  to 
cause  intoxication  in  animals  (Allaway,  1968).  Se  first  came  to  environmental 
and  political  prominence  in  California  in  1983,  when  researchers  at  the  U.S. 
Fish  and  Wildlife  Service  (USFWS)  observed  unusual  numbers  of  dead  and  defor- 
med aquatic  birds  at  Kesterson  Reservoir  in  the  western  San  Joaquin  Valley 
(Letey  et  al . ,  1986).  Kesterson  Reservoir  consists  of  a  series  of  12  inter- 
connected holding  ponds  that  serve  as  the  terminus  of  the  San  Luis  Drain,  a 
man-made  canal  designed  to  remove  subsurface  drainage  waters  from  western  San 
Joaquin  Valley  agricultural  lands.  Some  of  this  land  was  later  determined  to 
contain  naturally  elevated  Se  levels;  localized  leaching  of  Se  into  drainage 
waters  apparently  occurred.  Subsequent  testing  of  water,  waterfowl,  fish,  and 
local  flora  in  the  Kesterson  area  supported  the  conclusion  that  Se  intoxica- 
tion was  at  least  partly  the  cause  of  observed  avian  abnormalities  (Letey  et 
al . ,  1986;  Presser  and  Barnes,  1984;  1985).  Within  the  year,  ponds  located  in 
the  reservoir  were  closed  to  the  public  and  the  California  Department  of 
Health  Services  had  issued  a  health  advisory  recommending  limited  consumption 
of  waterfowl  from  the  Kesterson  area  (Letey  et  al . ,  1986).  Plans  were  later 
completed  to  cease  flow  of  drainage  waters  into  the  San  Luis  Drain. 

Se  is  a  difficult  element  to  regulate  because  of  its  narrow  margin  of 
safety  (NRC,  1977);  i.e.,  the  difference  between  the  effective  dose  (as  a 
required  nutrient)  and  the  toxic  dose  is  small  [approximately  10-  to  20-fold 
in  most  animal  species  (Combs  and  Combs,  1986h)].  Because  of  Se's  relatively 
high  toxicity  and  its  ability  to  be  accumulated  in  the  biological  environment, 
Se  has  been  identified  as  a  substance-of-concern  in  agricultural  drainage 
waters  of  the  western  San  Joaquin  Valley  (SWRCB,  1987).  Attempts  to  assess 
and  regulate  environmental  Se  as  well  as  to  predict  human  health  consequences 
of  excessive  exposure  to  this  element  are  ongoing.  Studies  to  evaluate  the 
potential  impact  of  Se  and  other  drainage  contaminants  in  California  currently 
are  being  conducted  by  state  and  federal  agencies  and  the  University  of  Cali- 
fornia. 


II.  OCCURRENCE 


A.  Natural 

Se  is  extensively  distributed  in  the  earth's  crust  with  an  average  con- 
centration estimated  at  0.09  ppm  (Venugopal  and  Luckey,  1978).  Igneous  rocks, 
hydrothermal  deposits,  and  sulfide  and  porphyry  copper  deposits  provide  the 
greatest  abundance  of  Se  (NRC,  1983b);  however,  the  most  significant  agronomic 


*Some  portions  of  the  following  report  were  prepared  for  and  presented  at 
the  UC  Salinity/Drainage  Task  Force  conference,  March  6-7,  1987,  Sacramento,  CA. 
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source  of  Se  is  sedimentary  rock,  the  parent  material  of  many  soils  (Combs  and 
Combs,  1986b).  Although  most  soils  contain  between  0.1  to  2  ppm  Se  (NRC, 
1983b),  certain  seleniferous  regions  in  the  United  States  and  elsewhere  may 
contain  much  higher  Se  concentrations. 

B.  Anthropogenic 

Se  also  occurs  in  certain  environments  as  a  result  of  industrial  or  agri- 
cultural processes.  Coal  or  crude  oil  may  contain  relatively  high  Se  in  some 
areas  and  may  be  redistributed  to  the  environment  during  combustion  (Sham- 
berger,  1983b).  Se  compounds  are  used  commercially  in  the  manufacture  of 
glass  and  ceramics,  rubber,  rectifiers,  photoelectric  cells,  semiconductors, 
veterinary  pharmaceuticals,  antidandruff  shampoos,  and  as  pigments  in  the  ink 
and  paint  industry  (Berman,  1980;  Carson,  1986;  NRC,  1983b;  Shamberger,  1983c; 
Wilber,  1980).  Additionally,  Se  may  be  added  to  the  environment  as  a  con- 
stituent of  sewage  sludge;  levels  in  raw  sewage  may  reach  1  to  5  ppm  (Baird  et 
al . ,  1972;  NRC,  1977;  USEPA,  1982).  As  mentioned  previously,  irrigation  of 
seleniferous  lands  for  agricultural  purposes,  with  subsequent  translocation  of 
high-Se  drainage  waters,  has  caused  a  significant  increase  in  environmental  Se 
in  Kesterson  Reservoir.  Mean  Se  concentrations  in  the  top  6  inches  of  sedi- 
ment in  refuge  ponds  have  ranged  from  2-35  ppm  (reported  in  Fan  et  al . ,  1988). 
Sediments  found  in  the  San  Luis  Drain  have  ranged  from  3-210  ppm  Se  (dry 
weight)  (reported  in  Fan  et  al . ,  1988). 

Individuals  may  also  come  in  contact  with  excessive  Se  through  ingestion 
of  Se-containing  vitamin  and  mineral  supplements,  although  this  would  only  be 
as  a  result  of  errors  in  use  and/or  formulation.  Only  a  few  cases  of  in- 
toxication via  this  route  are  known  to  have  occurred  (see  section  VLB). 
Untoward  health  effects  resulting  from  chronic  low  level  supplementation  have 
not  been  recognized. 

III.  ENVIRONMENTAL  FATE 


A.  Chemical  forms 

Selenium  is  similar,  in  some  ways,  to  the  physical  and  chemical  charac- 
teristics of  sulfur  and  tellurium,  having  properties  of  both  metals  and  non- 
metals  (Combs  and  Combs,  1986a;  Hogberg  and  Alexander,  1986;  Venugopal  and 
Luckey,  1978).  Se  occurs  naturally  in  four  oxidation  states:  -2,  selenides; 
0,  elemental  Se;  +4,  selenites;  and,  +6,  selenates  (NRC,  1977),  and  is 
capable  of  forming  numerous  types  of  compounds,  including  oxides  and  oxyacids, 
halides,  oxyhalides,  polyatomic  cations,  organic  compounds,  and  a  nitride 
(Wilber,  1980).  Se  is  typically  found  in  soils  as  elemental  Se,  basic  ferric 
selenite  (Fe2(0H)Se0;3) ,  calcium  selenate,  and  organic  Se  analogues  of  sulfur 
amino  acids  (selenides)  (Buell,  1983).  In  water,  Se  is  usually  found  as 
selenite  or  selenate;  in  western  San  Joaquin  Valley  water,  selenate  is  belie- 
ved to  be  the  predominant  form. 
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B.  Availability  of  Selenium 

The  major  determinant  of  environmental  Se  availability  is  the  chemical 
form  in  which  the  element  exists  in  soils  and  sediments.  Chemical  forms  and 
concentrations  of  Se  in  soils  are  believed  to  be  related  to  oxidation-reduc- 
tion potential,  pH,  and  the  solubility  of  Se  complexes  with  other  constituents 
(Allaway,  1968;  Cary  et  al . ,  1967;  Geering  et  al . ,  1968;  Gissel -Niel sen,  1971; 
NRC,  1983b).  Factors  contributing  to  excessive  accumulation  of  environmental 
Se  in  vegetation  have  been  summarized  by  the  National  Research  Council  (NRC, 
1971;  1983b);  accumulation  may  occur  under  two  sets  of  circumstances: 

•  In  areas  of  low  (<  8  cm)  annual  rainfall,  where  rocks  with  a  high 
content  of  Se  decompose  to  form  well-drained  soils,  insoluble  forms  of 
selenium  will  be  converted  to  selenates  and  organic  Se  compounds  which 
are  available  to  plant  material.  These  soils  may  produce  vegetation 
containing  potentially  toxic  levels  of  Se. 

•  In  areas  of  alkaline  soils  (such  as  those  in  the  western  San 
Joaquin  Valley),  where  rocks  with  a  high  content  of  Se  decompose  to 
form  poorly-drained  soils  or  where  Se  from  one  area  may  be  deposited 
in  an  area  of  poorly-drained  soil  by  alluvial  action,  vegetation 
containing  potentially  toxic  levels  of  Se  may  be  produced.  This 
problem  may  be  exacerbated  if  aeration  of  these  soils  is  improved  by 
artificial  drainage. 

Selenates  are  considerably  more  soluble  than  corresponding  selenite  com- 
pounds (NRC,  1983a)  and  are  thus  better  absorbed  from  water  or  soil  by  plants 
(NRC,  1977).  In  alkaline  and  oxidizing  environments,  the  so.lubility  and 
stability  of  selenates  are  greatest  and  conversion  to  less  stable  selenite  and 
elemental  Se  is  quite  slow  (NRC,  1983a).  Under  acidic  and  reducing  condi- 
tions, formation  of  insoluble  elemental  Se  or  a  ferric  iron-selenite  complex 
is  promoted,  greatly  decreasing  availability  (Demayo  et  al  . ,  1979;  NRC, 
1983a, b).  Although  considered  largely  unavailable,  there  is  evidence  that 
significant  amounts  of  elemental  Se  may  be  oxidized  in  neutral  and  alkaline 
soils  to  more  soluble  forms  (i.e.,  selenites  and  selenates)  (Geering  et  al . , 
1968).  Additionally,  some  organic  Se  compounds  present  in  soils  may  also  be 
available  for  plant  uptake  (NRC,  1983b). 

Once  an  available  source  of  Se  is  present  in  the  soil,  actual  uptake  of  Se 
by  the  plant  depends  largely  on  plant  species;  these  are  divided  into  3  cate- 
gories: (1)  primary  indicators,  which  include  many  species  of  Astragalus, 
Machaeranthera,  Haplopappus,  and  Stanleya,  and  may  accumulate  Se  to  levels  of 
several  thousand  ppm  (dry  matter  basis);  (2)  secondary  Se  accumulators,  in- 
cluding plants  from  the  genera  Aster,  Striplex,  Castelle.ia,  Grindel  ia,  Gutier- 
rezia,  Machaeranthera,  and  Mentzelia,  the  tissues  of  which  rarely  exceed  more 
than  a  few  hundred  ppm  Se,  and,  (3)  non-accumulators,  including  the  common 
food/feed  grains,  grasses,  and  many  weeds,  the  tissues  of  which  rarely  exceed 
a  few  ppm  Se  (NRC,  1983b;  Rosenfeld  and  Beath,  1964a). 

Chemical  forms  and  levels  of  Se  found  in  human  and  animal  crops  have  not 
been  well  characterized.  Early  studies  in  seleniferous  regions  of  the  western 
U.S.  indicated  that  wheat,  corn,  rye,  onions,  barley,  oats,  and  asparagus 
contained  a  maximum  Se  concentration  between  10-30  ppm  (dry  weight)  (Rosenfeld 
and  Beath,  1964a).   Rutabagas,  cabbage,  peas,  beans,  carrots,  tomatoes,  and 

A-3 


beets  contained  significant,  but  lesser  amounts  of  Se.  Peas  and  barley  grown 
on  seleniferous  soils  in  Colombia,  South  America  were  found  to  contain  over 
135  ppm  Se  (Ancizar-Sordo,  1947). 

Combs  and  Combs  (1986c)  have  compiled  fresh  weight  Se  levels  of  various 
foods  grown  in  low,  moderate,  and  high  Se  areas  of  the  world.  (Because  of  the 
extremely  high  water  content  of  many  foods  as  consumed,  comparison  of  mineral 
[or  other  constituent]  content  of  food  items  on  a  fresh  weight  basis  proves 
less  misleading  than  dry  matter  basis  comparisons  for  estimating  potential 
exposure.)  Even  within  the  United  States,  food  products  vary  dramatically 
(several -fold  or  more)  in  Se  content  depending  on  geographic  region.  Se 
content  of  most  foods  (fresh  weight  basis)  in  high  Se  areas  is  generally  a  few 
tenths  of  a  ppm  (a  few  hundred  ppb's)  or  less.  With  the  possible  exception  of 
wheat  and  brazil  nuts,  which,  on  occasion,  have  been  reported  to  contain  in 
excess  of  20  ppm  Se  (fresh  weight)  when  grown  in  seleniferous  regions  of  the 
U.S.,  few  food  items  have  been  shown  to  contain  more  than  1  or  2  ppm  Se. 

Se  appears  to  concentrate  in  crops  as  a  function  of  that  plant's  sulfur 
requirement.  Thus,  cruciferae  generally  contain  the  most  selenium,  followed 
by  legumes  and  then  cereals  (Rosenfeld  and  Beath,  1964a).  Se  content  may  vary 
greatly  from  part  to  part  within  each  plant;  Se  in  milled  wheat,  for  example, 
has  been  found  to  be  highest  in  the  bran  portion.  This  probably  relates  to 
different  distribution  patterns  of  Se-containing  proteins  between  various 
tissues.  Differential  content  of  Se  within  a  plant  may  be  influenced  by  the 
form  of  Se  absorbed  (Rosenfeld  and  Beath,  1964a). 

Although  soil  conditions  and  plant  species  tend  to  play  the  largest  roles 
in  determining  Se  levels  of  plant  tissues,  other  factors  may  also  be  sig- 
nificant. Climactic  conditions  that  influence  crop  production  (e.g.,  tempera- 
ture and  humidity)  may  have  a  profound  affect  on  Se  levels  of  specific  plants 
in  a  given  area  from  year  to  year  (Combs  and  Combs,  1986c).  Conditions  that 
favor  high  yields  generally  lower  mineral  content  over  average  or  low  yield 
conditions.  Variety  of  plant  species,  the  interaction  of  variety  with  soil 
type,  and  the  stage  of  plant  growth  can  also  cause  large  variations  in  the  Se 
contents  of  crops  (Combs  and  Combs,  1986c;  Rosenfeld  and  Beath,  1964a). 

C.  Mobility 

Bioconcentration  refers  to  the  ability  of  plants  and  animals  to  accumulate 
a  compound  in  their  tissues  in  amounts  greater  than  the  concentration  of  that 
compound  in  the  surrounding  environment  or  food  that  they  consume  (Letey  et 
al . ,  1986).  Algae  has  been  estimated  to  concentrate  Se  from  water  by  factors 
of  100  to  2,600;  aquatic  organisms  have  been  known  to  concentrate  selenium 
32,000-fold  in  excess  of  ambient  water  concentrations  (Eisler,  1985;  Letey  et 
al ,  1986).  Whether  Se  levels  are  progressively  magnified  through  higher 
aquatic  food  chains  is  not  currently  known.  Accumulation  of  Se  from  environ- 
mental sources  may  be  altered  by  a  number  of  factors,  including  water  tempera- 
ture, age  of  the  organism,  tissue  and  species  specificity,  mode  of  administra- 
tion, and  form  of  selenium  (Eisler,  1985). 

Similar  to  several  other  metals,  Se  is  mobilized  in  the  environment  par- 
tially through  volatilization.  Se  has  been  shown  to  be  volatilized,  predomi- 
nantly in  the  form  of  dimethylselenide,  from  soil,  lake  sediment,  plants,  and 
animals  (Abu-Erreish  et  al . ,  1968;  Chau  et  al . ,  1976;  McConnell  and  Roth, 
1966;  Zieve  and  Peterson,  1981;  Zieve  and  Peterson,  1984).   The  degree  of 
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volatilization  is  dependent  on  temperature,  moisture,  time,  water-soluble 
selenium  concentration,  microbial  activity,  and  season;  volatilization  ac- 
tivity for  soil  has  been  shown  to  be  highest  in  the  spring  (Zieve  and  Peter- 
son, 1981). 

IV.  ESSENTIALITY/BIOLOGICAL  FUNCTION 

Long  recognized  as  a  toxic  element,  it  was  not  until  1957  that  the  nutri- 
tional significance  of  Se  was  recognized  (Combs  and  Combs,  1986f).  Schwarz 
and  Foltz  (1957),  Schwarz  et  al .  (1957),  and  Patterson  et  al .  (1957)  noted  the 
ability  of  dietary  Se  to  prevent  liver  necrosis  in  rats  and  exudative  diathe- 
sis in  chicks.  Other  mammalian  and  avian  diseases  which  had  been  thought 
simply  the  result  of  vitamin  E  deficiency  were  later  shown  to  be  responsive  to 
Se  as  well  as  vitamin  E  (Burk,  1984;  Dutkiewicz  et  al . ,  1972;  Muth  et  al . , 
1958;  Nesheim  and  Scott,  1959).  Thompson  and  Scott  (1969)  and  McCoy  and 
Weswig  (1969)  established  Se  as  an  essential  trace  mineral  independent  of 
dietary  vitamin  E,  which  was  supported  by  further  studies  (Sprinker  et  al . , 
1971;  Thompson  and  Scott,  1971). 

Se  was  later  discovered  to  exist  as  an  essential  component  of  glutathione 
peroxidase  (SeGSHpx)  (Rotruck  et  al . ,  1973).  This  enzyme  serves  to  protect 
against  cellular  damage  from  free  radical  chain  reactions,  apparently  by 
preventing  initiation  of  lipid  peroxidation  (Combs  and  Combs,  1986f).  SeGSHpx 
has  also  been  shown  to  play  a  role  in  prostaglandin  metabolism,  catalyzing  the 
conversion  of  L-12-hydroperoxy-5,8,ll,14-eicosatetraenoic  acid  (12-HPETE)  to 
the  corresponding  hydroxy  compound  12-HETE  (Combs  and  Combs,  1986f ) .  As 
HPETE  helps  to  regulate  synthesis  of  prostacyclin,  an  important  antiaggrega- 
tory compound,  Se  deficiency  is  believed  to  lead  to  increased  platelet  ag- 
gregation (Combs  and  Combs,  1986f).  Conversely,  excessive  Se  can  cause  a 
predictable  dose-response  increase  in  prostacyclin  levels,  with  resulting 
antiaggregatory  activity.  This  may  explain  increased  bleeding  times  in  volun- 
teers consuming  Se  as  a  dietary  supplement  (Combs  and  Combs,  1986f;  Schiavon 
et  al.,  1984). 

Se  also  appears  to  have  other  biologic  functions,  some  of  which  may  be 
independent  of  glutathione  peroxidase.  Animal  studies  have  indicated  that  Se 
deficiency  affects  the  hepatic  xenobiotic-metabol izing  system,  including 
biotransformation  and  conjugation  phases  (Combs  and  Combs,  1986f).  Because 
xenobiotic  metabolism  can  serve  to  either  activate  or  detoxify  a  compound, 
depending  on  its  chemical  properties,  exposure  to  various  foreign  compounds 
may  have  vastly  different  effects  in  the  Se  deficient  animal  (Combs  and  Combs, 
1986f).  Additionally,  Se  may  be  involved  in  heme  metabolism  and  has  been 
shown  to  be  required  for  normal  spermatogenesis  in  several  mammals  and  possi- 
bly birds  (Combs  and  Combs,  1986f). 

An  endemic  cardiomyopathy,  Keshan  disease,  occurred  in  post-weaning  in- 
fants, children,  and  women  of  childbearing  age  in  rural  Chinese  populations 
where  very  low  levels  of  Se  are  encountered.  The  disease  affected  as  much  as 
11%  of  certain  populations  in  these  age  groups,  with  a  case  fatality  rate 
approaching  80%.  Although  the  etiology  has  not  been  completely  elucidated,  Se 
deficiency  is  generally  considered  to  contribute  to  Keshan  disease  (Chen  et 
al . ,  1980;  Combs  and  Combs,  1984).  Se  supplementation  has  been  used  success- 
fully as  a  preventive  measure.  Kaschin-Beck  disease  also  appears  to  be  a  Se- 
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responsive  disorder  occurring  in  certain  Asian  populations  (Combs  and  Combs, 
1986g).  This  disease  results  in  enlarged  joints  and,  occasionally,  dwarfism. 
As  is  also  postulated  in  the  case  of  Keshan  disease,  Kaschin-Beck  disease  is 
not  believed  to  result  solely  from  Se  deficiency;  other,  possibly  environmen- 
tal, factors  are  suspected  in  the  etiology  of  these  syndromes  (Combs  and 
Combs,  1986g).  Various  signs  and  symptoms,  particularly  peripheral  neuropath- 
ies, have  been  reported  in  patients  receiving  total  parenteral  nutrition  or 
consuming  restricted  diets  low  in  Se;  one  death  is  known  to  have  occurred 
(Johnson  et  al . ,  1981;  van  Rij  et  al . ,  1979). 

V.  TOXICOKINETICS 


The  metabolic  fate  of  Se  has  been  reviewed  by  numerous  authors  (Bopp  et 
al  . ,  1982;  Buell  ,  1983;  Combs  and  Combs,  1984;  Combs  and  Combs,  1986e;  Di- 
plock,  1976;  Ganther,  1979;  Ganther,  1986;  Hogberg  and  Alexander,  1986;  Levan- 
der,  1976a;  Martin  and  Gerlach,  1972;  NRC,  1983c;  Shamberger,  1983a;  Venogopal 
and  Luckey,  1978) . 

A.  Absorption 

Investigations  have  shown  that,  when  fed  to  animals,  selenite,  selenate, 
selenomethionine,  and  the  Se  present  in  corn  or  animal  tissues  are  readily  and 
fairly  efficiently  absorbed,  mainly  in  the  duodenum  and  other  parts  of  the 
small  intestine  (Bopp  et  al . ,  1982;  Buell,  1983;  Whanger  et  al  . ,  1976). 
Selenite  and  selenate  absorption  mimic  sulfite  and  sulfate  absorption,  respec- 
tively. Selenomethionine  absorption  mimics  that  of  methionine  (Fox  and  Ja- 
cobs, 1986).  Dietary  form  of  Se  appears  to  affect  absorption  rates,  with  Se 
in  protein-bound  forms  generally  absorbed  to  a  greater  extent  than  inorganic 
salts  of  the  element  (NRC,  1983c).  Elemental  Se  and  selenium  sulfide  repor- 
tedly are  poorly  absorbed  from  the  digestive  tract  (Buell,  1983,  Cummins  and 
Kimura,  1971;  Hogberg  and  Alexander,  1986).  Absorption  of  selenite  in  animals 
does  not  appear  to  be  controlled  through  a  regulatory  mechanism  (Brown  et  al . , 
1972),  although  absorption  may  be  competitively  inhibited  by  other  dietary 
constituents  (Combs  and  Combs,  1986e).  Results  from  human  apparent  absorption 
trials  are  summarized  in  Combs  and  Combs  (1986d).  Se  compounds  differ  widely 
in  absorption  rates,  but  most  studies  indicate  that,  in  general,  70%  or  more 
of  most  dietary  Se  is  absorbed. 

Utilization  of  dietary  constituents  is  frequently  termed  "bioavailabi- 
lity". In  the  case  of  minerals,  this  involves  "1)  the  chemical  and/or  physi- 
cal availability  in  a  gastrointestinal  tract,  that  is,  the  proportion  of  an 
ingested  mineral  that  is  available  for  absorption;  2)  the  different  steps  of 
absorption  including  the  uptake  of  a  mineral  into  the  mucosal  cell,  transport 
across  the  cell  and  transfer  into  the  circulation;  3)  a  transformation  of  a 
mineral  into  its  biologically  active  form"  (Mutanen,  1986).  The  bioavaila- 
bility of  Se  (and  other  trace  elements)  may  be  affected  by  dietary  factors 
(e.g.,  levels  of  intake,  interactions  with  other  dietary  constituents,  food 
processing,  and  drugs),  host  factors  (e.g.,  nutritional,  physiological  and 
pathological  states),  and  environmental  factors  (e.g.,  infectious  agents  and 
personal  lifestyle  habits)  (Young  et  al . ,  1982).   Methods  of  estimating  Se 
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bioavailability  have  been  well  reviewed  (Combs  and  Combs,  1986d;  Mutanen, 
1986;  Young  et  al . ,  1982).  As  with  apparent  absorption  trials,  results  of 
bioavailability  studies  vary  considerably.  In  general,  however,  Se  appears  to 
be  highly  or  moderately  available  from  plant  sources  (particularly  wheat  and 
alfalfa)  and  relatively  less  availability  from  animal  sources,  although  excep- 
tions do  occur  (Combs  and  Combs,  1986d;  Mutanen,  1986;  Young  et  al . ,  1982). 
Data  on  availability  of  selenium  from  fish  sources  are  conflicting.  In  cer- 
tain cases,  Se  has  been  found  to  be  very  poorly  available  from  fish  or  fish 
products,  presumably  because  of  binding  to  other  constituents  such  as  heavy 
metals;  however,  other  reports  have  indicated  that  Se  from  various  fish  sour- 
ces may  be  highly  available  under  some  conditions  (Mutanen,  1986). 

Data  regarding  inhalation  and  dermal  absorption  of  Se  are  very  limited. 
Following  exposure  to  airborne  agents,  particles  may  be  deposited  in  the  upper 
respiratory  tract  or  alveolar  region  of  the  lung,  transported  to  the  gastroin- 
testinal tract  by  mucociliary  clearance  (Medinsky  et  al . ,  1981),  or  absorbed 
through  the  skin.  Thus,  determination  of  absorption  from  inhalation  exposures 
must  consider  all  of  these  routes.  Medinsky  et  al .  (1981)  conducted  an  in- 
halation study  with  rats  using  elemental  Se  and  selenious  acid,  the  primary 
selenium  products  released  from  burning  of  fossil  fuels.  Less  elemental  Se 
and  selenious  acid  were  absorbed  in  the  nasal  passages  than  either  the  gastro- 
intestinal tract  or  the  lungs;  however,  58%  of  elemental  Se  and  greater  than 
89%  of  selenious  acid  initially  deposited  in  the  upper  respiratory  tract  were 
ultimately  absorbed  into  the  blood.  Although  both  of  these  compounds  were 
rapidly  and  largely  absorbed  from  the  lung,  elemental  Se  was  absorbed  more 
slowly  than  selenious  acid.  Additionally,  9-27%  of  selenious  acid  applied  to 
the  skin  was  absorbed  over  a  9-day  period.  Dermal  absorption  of  sodium  sele- 
nite  in  rats  has  also  been  reported  (Dutkiewicz  et  al . ,  1972).  Various  in- 
dustrial accidents  indicate  that  inhalation  absorption  and  resulting  toxicity 
from  some  Se  compounds  do  occur  in  humans  (Cooper,  1967). 

B.  Distribution/Detoxification 

Once  absorbed,  the  majority  of  Se  is  bound  to  plasma  proteins  (primarily 
very  low-density  lipoproteins)  and  distributed  throughout  the  body  by  the 
circulatory  system  (Burk,  1974;  Combs  and  Combs,  1984).  Studies  in  different 
animal  species  have  shown  that  Se  tends  to  concentrate  in  detoxifying  organs 
with  liver,  kidneys,  spleen,  and  lungs  containing  the  greatest  amounts. 
Intestinal  tissue  may  also  contain  significant  concentrations  of  Se,  as  does 
cardiac  muscle  and  hair.  Nervous  tissue  contains  relatively  little  Se  and  fat 
is  essentially  devoid  (NRC,  1983c;  Shamberger,  1983a).  Human  tissue  studies 
have  revealed  that  mean  highest  Se  content  (on  a  wet  weight  basis)  is  found  in 
kidney  (1.09  ppm),  followed  by  liver  (0.54),  spleen  (0.34  ppm),  and  testis  and 
pancreas  (0.30  ppm  each).  Hair  contained  0.57  ppm  Se.  The  lowest  Se  levels 
were  found  in  brain  (Schroeder  et  al . ,  1970). 

At  the  metabolic  level,  Se  in  levels  sufficient  to  meet  nutritional  needs 
is  incorporated  into  SeGSHpx.  When  consumed  in  greater  amounts,  the  excess 
inorganic  selenium  will  be  converted  into  excretable  metabolites.  Some  or- 
ganic Se  compounds  (e.g.,  selenomethionine),  however,  may  bypass  this  mechan- 
ism and  be  incorporated  into  general  body  proteins  as  an  analog  of  sulfur 
(e.g.  in  place  of  methionine)  (Burk,  1976;  Cary  et  al . ,  1973;  NRC,  1977;  Sunde 
et  al . ,  1981).  This  may  especially  be  true  under  conditions  of  limiting  diet- 
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ary  methionine  (Fox  and  Jacobs,  1986).  De  novo  synthesis  of  these  compounds 
from  inorganic  Se  forms  does  not  occur,  thus  inorganic  Se  is  not  incorporated 
into  body  proteins  other  than  GSHpx  (Fox  and  Jacobs,  1986). 

The  extent  of  Se  accumulation  in  various  tissues  depends  on  tissue  type, 
level  of  Se  ingested,  individual  physiological  variation,  and  chemical  form  of 
Se  (Martin  and  Gerlach,  1972).  For  the  reasons  defined  above,  Se  consumed  in 
organic  form  generally  accumulates  to  a  greater  extent  in  the  animal  tissue 
than  Se  consumed  in  inorganic  form  (Cary  et  al . ,  1973;  NRC,  1983c). 

In  contrast  to  sulfur,  which  is  generally  oxidized  in  vivo,  the  primary 
metabolic  fate  of  Se  is  reduction  (Combs  and  Combs,  1984;  Ganther,  1986). 
Selenate  may  be  enzymatically  activated  in  vivo  with  ATP,  undergoing  subse- 
quent nonenzymatic  reduction  to  selenite  via  glutathione  (Ganther,  1986). 
Selenite  is  readily  reduced  to  elemental  Se  and  hydrogen  selenide;  the  latter 
reaction  occurring  in  liver  and  erythrocytes,  and,  perhaps,  other  tissues 
(Ganther,  1986).  The  resulting  selenide  can  undergo  methylation  in  the  liver, 
which  appears  to  be  a  detoxification  pathway  (Bopp  et  al . ,  1982;  Ganther, 
1979;  Martin  and  Gerlach,  1972).  Metabolism  of  the  selenoamino  acids  (e.g., 
Se-methionine,  Se-cystine)  is  believed  to  resemble  that  of  the  sulfur  amino 
acids  (e.g.,  methionine,  cystine),  undergoing  transsul furation  or  transamina- 
tion (Ganther,  1986),  with  subsequent  degradation  to  selenide  (Combs  and 
Combs,  1984).  Although  these  reactions  have  been  demonstrated,  the  inter- 
mediary metabolism  of  Se  is  largely  unknown.  These  reactions  may  not  be 
relevant  at  all  levels  of  Se  status. 


C.  Excretion 

Under  conditions  of  normal  levels  of  intake,  Se  is  excreted  predominantly 
in  the  urine,  mainly  as  the  metabolite  trimethyl selenonium  [(CF^^Se"1"].  This 
mode  of  excretion  occurs  regardless  of  Se  form  ingested  (Ganther,  1986). 
Notable  levels  of  Se  may  also  be  excreted  in  feces  and  sweat  (Snyder  et  el., 
1975).  At  levels  of  intake  above  physiologic  requirements,  the  third  methyla- 
tion step  appears  to  become  rate-limiting,  and  dimethyl selenide,  excreted  via 
the  pulmonary  system  (McConnell  and  Roth,  1966),  becomes  a  more  significant 
metabolite  (Ganther,  1986). 

Although  absorption  is  not  affected  by  the  previous  Se  status  of  the 
individual,  the  length  of  time  that  a  given  dose  of  Se  is  retained  in  the  body 
is  greatly  dependent  on  the  previous  Se  status  (NRC,  1983c)  as  well  as  chemi- 
cal form  of  Se  (Bopp  et  al . ,  1982;  Griffiths  et  al . ,  1976;  Lathrop,  et  al . , 
1972;  Thomson,  1974).  Robinson  et  al .  (1985)  compared  renal  Se  clearance 
rates  of  New  Zealanders  (average  daily  selenium  intake  <30  ug)  to  those  of 
U.S.  subjects  (average  daily  selenium  intake  approximately  80  ug)  (Levander  et 
al . ,  1981).  Results  suggest  that  New  Zealanders  may  have  adapted  to  low  Se 
intakes  by  excreting  an  unusually  low  proportion  of  Se  circulating  through  the 
kidneys.  U.S.  subjects,  in  contrast,  did  not  reduce  plasma  Se  clearance  rates 
when  fed  Se-depleting  diets.  Further  evidence  that  the  kidney  plays  the 
primary  homeostatic  role  in  Se  nutriture  was  advanced  in  a  study  of  4  U.S. 
male  adults  given  single  or  multiple  oral  doses  of  a  stable  Se  isotope 
(74Se03)  (Janghorbani  et  al . ,  1982).  Increasing  dosage  levels  resulted  in  a 
smaller  proportion  of  the  absorbed  Se  being  retained.  Interestingly,  newly 
absorbed  Se  was  preferentially  excreted  over  Se  previously  equilibrated  in  the 
plasma  pool.   This  may  have  important  implications  for  the  use  of  urinary  Se 
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as  a  measure  of  Se  intake  or  status  (see  section  IX)  (Janghorbani  et  al . , 
1982). 

Pulmonary  excretion  of  Se  is  also  affected  by  previous  exposure  to  the 
element  (Magos  et  al . ,  1987).  Isotopic  studies  showed  that  rats  pretreated 
with  Se  had  lower  liver  selenium  levels  and  increased  dimethyl selenide  excre- 
tion following  injection  of  sodium  selenite.  The  authors  speculated  that 
dimethylselenide  excretion  after  a  challenge  dose  might  prove  useful  as  a 
diagnostic  screening  test  for  identification  of  high  exposure  groups.  This 
method  has  not  been  validated  or  standardized,  nor  is  it  currently  practiced. 

In  humans,  Se  excretion  is  triphasic,  with  half-lives  of  the  terminal 
elimination  phase  reported  to  average  4  months  and  7-8  months  for  selenite  and 
selenomethionine,  respectively  (Bopp  et  al . ,  1982;  Griffiths  et  al . ,  1976; 
Lathrop  et  al . ,  1972;  Thomson  and  Stewart,  1974).  Excretion  rates  of  Se 
generally  peak  in  the  first  two  hours  following  a  supplemental  dose  (Thomson, 
1974);  however,  overall  excretion  is  relatively  slow.  Only  11%'  of  a  54  ug 
dose  of  '^Se  was  excreted  in  the  first  24  hours  (Janghorbani  et  al . ,  1982); 
this  value  was  similar  to  those  obtained  in  other  studies  (Jereb  et  al . ,  1975; 
Thomson,  1974). 

Intake  of  several  substances  can  alter  elimination  of  Se.  Inorganic 
mercury  and  thallium  have  been  shown  to  decrease  pulmonary  excretion  of  methy- 
lated Se  compounds  (Levander  and  Argrett,  1969).  Similarly,  arsenic  may 
inhibit  production  of  excretable  methylated  Se  compounds;  however,  it  has  also 
been  shown  to  increase  the  toxicities  of  those  same  compounds  (Hogberg  and 
Alexander,  1986;  Levander  and  Baumann,  1966a, b;  Levander  and  Argrett,  1969; 
Obermeyer  et  al . ,  1971).  Arsenic  can  modify  Se  metabolism  by  increasing 
biliary  and  fecal  excretion  of  Se  several  fold  (Levander  and  Argrett,  1969; 
Levander  and  Baumann,  1966a, b). 

When  forms  of  Se  subject  to  homeostasis  are  consumed  in  amounts  greater 
than  the  capacity  of  the  excretory  system,  accumulation  in  the  human  or  animal 
body  will  begin  (Burk,  1976)  and  toxicity  may  result. 

VI.  TOXICITY 


A.  Animal 

1.  Acute/Short-term  Exposures 

A  disorder  believed  to  have  been  Se  toxicity  resulting  from  plant  inges- 
tion in  horses  was  noted  as  early  as  1295,  during  the  travels  of  Marco  Polo 
[reported  in  Buell,  1983].  Polo  recorded  such  symptoms  as  painful  feet  and 
loss  of  hooves  when  animals  consumed  a  particular  plant  that  grew  near  Tibet. 
Similarly,  in  1860,  an  army  surgeon  noted  tenderness  and  inflammation  of  the 
feet  and  loss  of  hair  from  the  mane  and  tail  of  horses  grazing  near  Fort 
Randall  (South  Dakota).  Symptoms  were  noted  approximately  10  days  after 
animals  were  moved  to  the  area  and  ceased  after  other  forage  was  provided 
[reported  in  Buell,  1983].  By  the  1930' s,  toxic  effects  of  these  feedstuffs 
had  been  documented  in  the  laboratory  and  Se  had  been  identified  as  a  poten- 
tially toxic  constituent  (Franke,  1934a).  Subsequently,  the  condition  of 
"blind  staggers"  was  identified  as  the  acute  disorder  occurring  as  a  conse- 
quence of  consumption  of  high  levels  (up  to  several  thousand  ppm)  (Buell, 
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1983)  of  non-protein  selenoamino  acids  present  in  some  "accumulator"  plants 
(Trelease,  1960;  Shrift  and  Virupaksha,  1965).  Blind  staggers  is  often  fatal, 
following  the  development  of  blindness  and  staggering  (Olson,  1986).  Recent 
evidence,  however,  has  led  some  researchers  to  believe  that  non-Se  compounds 
found  in  accumulator  plants  may  be  at  least  partially  responsible  for  develop- 
ment of  this  syndrome  (Buell,  1983). 

Combs  and  Combs  (1986h)  have  reviewed  studies  of  acute  and  subacute  Se 
toxicity  in  laboratory  animals.  Signs  resulting  from  single  or  a  few  doses  of 
excessive  Se  include  lassitude,  garlic  breath  odor,  vomiting,  shortness  of 
breath,  muscle  tremors,  neurological  impairments,  and  respiratory  failure. 
Hepatic  and  renal  damage,  endocarditis,  myocarditis,  smooth  muscle  degenera- 
tion of  intestinal  organs,  and  long  bone  erosion  were  found  upon  pathological 
examination  (Combs  and  Combs,  1986h).  The  dose(s)  of  Se  that  have  been  re- 
quired to  elicit  such  effects  have  varied  with  chemical  form,  mode  of  ad- 
ministration, and  animal  species.  Sodium  selenite,  so.dium  selenate,  seleno- 
methionine, and  selenocystine  (the  latter  two  believed  to  be  the  predominant 
forms  of  Se  in  common  foodstuffs)  appear  to  have  similar  acute  toxicities, 
with  oral  LDcq  values  as  low  as  1.8  mg/kg  body  weight  (sodium  selenite  in 
rabbits)  (Combs  and  Combs,  1986h).  Reduced  growth  rate  in  immature  animals  is 
usually  the  first  sign  of  Se  toxicity;  2.6  ppm  Se  fed  to  rats  for  4  weeks  (in 
the  form  of  high-Se  wheat  and  oats)  caused  a  10%  reduction  in  growth  rate. 
Similar  results  have  been  found  with  3  ppm  NazSeCh  provided  in  the  drinking 
water  of  rats  for  63  days.  Growth  rate  was  also  reduced  (8%)  in  mice  provided 
1.8  ppm  Se  (as  ^SeOij)  in  drinking  water  for  48  days.  Other  studies  have  not 
shown  a  deleterious  effect  following  exposure  to  Se  at  these  levels. 

In  addition  to  route  of  administration,  many  other  factors  may  affect 
acute  Se  toxicity.  One  such  factor  may  be  age;  significantly  less  mortality 
occurred  following  a  single  injected  dose  of  selenite  to  10-day-old  rats  than 
to  2-month-old  rats  (Ostadalova  et  al.,  1978).  However,  a  cataractogenic 
effect,  either  permanent  or  intermittent,  appeared  as  a  result  of  selenite 
toxicity  only  in  early  postnatal  development  (up  to  the  age  of  15  days)  (Os- 
tadalova et  al  . ,  1979).  Other  authors  have  confirmed  the  cataractogenic 
effect  of  injected  selenite  in  rat  pups  (Bunce  and  Hess,  1981). 

Delayed  toxicity  following  short-term  Se  exposure  may  occur.  Rats  develo- 
ped ascites  and  edema  2  months  after  receiving  0.15  mg  Se/day  for  3  weeks 
(Rosenfeld  and  Beath,  1964b). 

2.  Chronic  Exposures 

Selenosis  in  animals  resulting  from  long-term  ingestion  of  relatively  low 
levels  (up  to  35  ppm)  of  Se  present  in  plants  as  protein  selenoamino  acids 
(Franke,  1934b;  Painter  and  Franke,  1936;  Peterson  and  Butler,  1962)  is  called 
alkali  disease  (Buell,  1983).  Signs  include  loss  of  long  hair,  inflammation 
of  the  coronary  band  (at  the  base  of  the  hoof),  atrophy  of  the  heart,  kidney 
damage  and  reproductive  failure  (Olson,  1986).  Chronic  toxicity  studies  of  Se 
compounds  in  laboratory  and  farm  animals  have  been  reviewed  and  tabulated  by 
Combs  and  Combs  (1986h);  results  vary  depending  on  factors  discussed  in  the 
previous  section.  Eight  ppm  Na2Se03  provided  in  drinking  water  for  47  weeks 
reduced  growth  rates  by  44%  in  mice;  however,  survival  of  these  animals  was 
increased  compared  to  controls.  When  fed  as  high-Se  corn,  7.2  ppm  dietary  Se 
reduced  gain  and  caused  anorexia  in  dogs  over  a  period  of  189  days.  Growth 
rate  was  also  reduced  (8%)  in  mice  provided  1.8  ppm  Se  (as  Na2Se03)  in  drink- 
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ing  water  for  48  days.  Studies  have  not  been  designed  to  compare  relative 
toxicities  of  different  selenium  compounds  administered  on  a  chronic  basis 
(Combs  and  Combs,  1986h). 

B.  Human 

1.  Acute/Short-term  Exposures 

Although  the  1980  Recommended  Dietary  Allowances  indicated  that  disease 
states  attributable  to  dietary  Se  deficiency  or  excess  had  not  yet  been  de- 
scribed in  human  subjects  (NRC,  1980),  a  number  of  isolated  cases  of  human 
toxicosis  have  been  reported  over  the  years.  Additionally,  acute,  sometimes 
fatal,  Se  toxicity  has  been  reported  rarely  as  a  consequence  of  self-medica- 
tion (Sioris  et  al . ,  1980;  Snodgrass  et  al . ,  1981),  or  accidental  (Carter, 
1966),  suicidal  (Civil  and  McDonald,  1978;  Koppel  et  al  . ,  1986;  Matoba  et  al . , 
1986;  Pentel  et  al . ,  1985),  and  occupational  exposures  (Ducloux  et  al . ,  1977; 
Schellman  et  al . ,  1986). 

At  least  one  case  of  acute  Se  intoxication  from  a  natural  source  has  been 
noted  in  the  literature.  A  case  report  from  Caracas,  Venezuela  described  a 
54-year-old  man  who  suffered  anxiety,  chills,  diarrhea,  fever,  anorexia,  and 
weakness  after  consuming  70  to  80  "Coco  de  Mono"  (Lecythis  ollaria)  almonds 
while  on  a  hunting  trip  (Kerdel -Vegas,  1964).  Eight  days  after  consuming  the 
nuts,  the  subject  suffered  extensive  loss  of  scalp  and  body  hair.  Approxi- 
mately 1  week  later  he  developed  a  violet  streak  over  the  proximal  part  of  his 
nails  which  disappeared  within  3  days.  Although  the  authors  did  not  determine 
the  pharmacologically  active  agent  in  Lecythis  ol laria,  subsequent  reports 
have  identified  the  factor  as  seleno-cystathionine  (Aronow  and  Kerdel -Vegas, 
1965;  Kerdel -Vegas  et  al . ,  1965).  This  compound  is  also  found  in  Astragalus 
pectinatus  and  Stanleya  pinnata  (Kerdel -Vegas  et  al . ,  1965),  two  of  the  sele- 
nium accumulator  species  (Combs  and  Combs,  1986b). 

Other  cases  of  Se  toxicosis  have  also  resulted  from  direct  consumption  of 
Se-containing  products.  Acute  Se  poisoning  was  reported  in  5  individuals  who 
consumed  sodium  selenate  intended  for  use  as  a  supplement  for  turkey  diets 
(Sioris  et  al . ,  1980).  Symptoms  included  nausea,  vomiting,  diarrhea,  ab- 
dominal pain,  chills  and  tremors.  The  actual  level  of  Se  intake  was  unknown 
or  unreported;  however,  mean  initial  serum  Se  levels  after  ingestion  were  0.41 
to  0.89  ug/ml  (normal:  0.2  ug/ml )  and  mean  24-hour  urinary  Se  excretion  was 
1175  to  4365  ug  (normal:  125  ug).  Symptoms  resolved  within  24  hours  of  inges- 
tion and  all  patients  were  reported  well  8  months  after  the  incident. 

In  1984,  symptoms  of  acute  Se  intoxication  occurred  in  13  individuals  who 
consumed  a  superpotent  over-the-counter  Se  supplement  (FDA  Drug  Bulletin, 
1984;  Jensen  et  al . ,  1984;  Helzlsouer  et  al . ,  1985).  Analysis  of  several  Se 
tablets  in  a  lot  manufactured  for  Brite  Years,  Inc.,  revealed  a  Se  content  182 
times  higher  than  labeled  (approximately  30  mg  per  tablet,  in  the  form  of 
sodium  selenite  and  elemental  Se).  Estimates  of  ingested  doses  of  the  product 
ranged  from  27  to  2310  mg  of  Se  (from  a  single  tablet  to  77  tablets  taken  over 
a  2  1/2  month  period).  Signs  and  symptoms  of  toxicity  included  nausea,  ab- 
dominal cramps,  nail  and  hair  changes  (including  total  alopecia),  peripheral 
neuropathy,  garlic  breath  odor,  fatigue,  and  irritability.  Se  content  of 
nails  was  the  highest  ever  reported  in  the  U.S.  (8.1  ppm),  and  red  blood  cell 
Se  levels  were  elevated  as  much  as  5  months  following  exposure.  However,  in 
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most  cases,  hematological  evaluation  as  well  as  liver  and  renal  function  tests 
were  normal.  Follow-up  of  subjects  indicated  that  all  patients  with  periphe- 
ral neuropathies  still  have  signs  such  as  reduced  nerve  conduction  rates  and 
paresthesias  (  Jacobs,  personal  communication).  Additionally,  of  the  3 
patients  contacted  2  years  after  consumption  of  the  product,  two  had  developed 
cataracts  and  one,  never  having  dental  caries  previously,  had  developed  severe 
spontaneous  tooth  decay  (Jacobs,  personal  communication). 

Hogberg  and  Alexander  (1986)  report  an  unpublished  account  of  a  35-year- 
old  woman  who  consumed  10  grams  of  a  cereal  to  which  35  mg/g  Se  had  been 
added.  Subsequent  analysis  indicated  that  one-third  of  that  supplement  was  in 
the  form  of  selenite;  the  rest  was  presumed  elemental  Se.  Symptoms  included 
vomiting,  diarrhea,  cramps,  and  paresthesias.  Although  these  symptoms  were 
relieved  within  days,  the  woman  later  developed  irregular  menstrual  bleeding 
and  marked  hair  loss. 

2.  Chronic  Exposures 

The  ramifications  of  chronic  exposure  to  low  or  moderate  levels  (in  excess 
of  requirement)  of  Se  have  not  been  well  studied.  Possible  chronic  Se  toxi- 
city resulting  from  long-term  industrial  exposure  has  been  reported  (Diskin  et 
al . ,  1979),  although  the  patient  presented  with  a  myocardial  infarction  from 
which  he  subsequently  died.  The  authors  suggested  that  such  chronic  exposure 
may  have  caused  pathologic  pulmonary  changes  (perivascular  noncaseating  granu- 
lomas) found  during  histological  evaluation  on  autopsy  and  consistent  with 
development  of  "rose  cold"  symptoms  of  cough,  sore  throat,  and  bronchitis 
described  by  Hamilton  (1925)  and  Motley  et  al  .  (1937).  These  symptoms  are 
believed  to  be  caused  by  dimethyl selenide  in  expired  breath  and  may  occur  as 
a  consequence  of  exposure  to  the  expired  breath  of  Se-intoxicated  animals 
(Motley  et  al . ,  1937).  Dimethyl selenide,  excreted  solely  by  the  lungs  follow- 
ing relatively  large  doses  of  selenium,  is  considered  responsible  for  the 
garlic  breath  experienced  during  Se  intoxication  (Diskin  et  al . ,  1979;  Wilbur, 
1980). 

Chronic  Se  overexposure  of  dietary  origin  in  humans  was  first  examined  in 
the  rural  areas  of  South  Dakota  and  other  plains  regions  where  alkali  disease 
had  already  been  identified  in  animals  (Smith  and  Westfall,  1937).  Fifty 
families  (100  subjects)  with  preliminary  evidence  of  considerable  Se  absorp- 
tion were  chosen  for  investigation.  Symptoms,  including  gastrointestinal 
disturbances,  bad  teeth,  "icteroid"  discoloration  of  the  skin,  and  pallor, 
were  noted  in  76%  of  the  group;  however,  the  symptoms  could  not  be  conclusive- 
ly identified  as  resulting  directly  from  Se  ingestion.  Se  intake  was  es- 
timated to  range  from  0.01  to  0.2  mg/kg/day,  with  meat,  eggs,  and  milk  provid- 
ing the  largest  source.  Vegetables  and  well  water  were  only  secondary  and 
variable  sources  of  dietary  Se  in  this  study. 

Subsequent  to  the  description  of  alkali  disease  in  South  Dakota,  Byers 
(1937)  investigated  an  area  in  Mexico  where  the  human  and  animal  populations 
had  very  similar  symptoms  to  those  in  seleniferous  regions.  The  illness  was 
known  locally  as  "Soliman"  disease  and  believed  to  be  the  result  of  mercury 
chloride  poisoning  from  area  mines.   Analysis  of  soil  and  crop  samples  indi- 
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cated  very  high  levels  of  Se  (up  to  120  ppm  in  common  mustard  plants),  ap- 
parently deposited  as  a  waste  product  of  nearby  mines.  Health  studies  of 
affected  individuals  were  not  reported. 

In  1962,  a  family  of  Ute  Indians  near  Ignacio,  Colorado  were  reportedly 
poisoned  by  excessive  Se  in  drinking  well  water  (Anon.,  1962).  The  well 
water,  used  for  household  purposes  for  3  months,  contained  approximately  9  ppm 
Se.  Symptoms  of  the  family  included  hair  loss,  weakened  nails,  and  listless- 
ness. 

Continuing  investigations  in  South  Dakota  in  later  years  (Howe,  1979) 
indicated  that  mean  blood  Se  levels  of  presumed  healthy  blood  donors  were 
higher  (0.265  ug/ml )  than  those  reported  by  Allaway  et  al .  (1968)  (0.206 
ug/ml )  in  a  study  of  many  locations  throughout  the  United  States.  With  some 
exceptions,  the  highest  blood  Se  levels  tended  to  be  in  regions  where  animal 
selenosis  had  been  previously  observed.  The  authors  could  not  conclude, 
however,  that  even  the 'highest  blood  Se  concentration  obtained  in  this  study 
(0.60  ug/ml)  was  diagnostic  of  Se  toxicosis. 

Studies  of  possible  Se  intoxication  have  also  been  conducted  in  a  selenif- 
erous  zone  of  Venezuela  (Jaffee  et  al . ,  1972).  Clinical  and  biochemical 
evaluations  were  performed  on  11  children  from  Villa  Bruzual ,  including 
height,  weight,  teeth,  skin,  hair,  blood  and  urine  Se,  hemoglobin,  hematocrit, 
glutamic-oxalacetic  transaminase  (GOT),  glutamic-pyruvic  transaminase  (GPT), 
alkaline  phosphatase,  prothrombin-time  and  urine  creatinine.  Food  consumption 
patterns  and  degree  of  intestinal  parasitism  were  also  evaluated.  Results 
from  this  population  were  compared  with  50  children  from  Caracas.  Mean  blood 
selenium  levels  were  0.813  ug/ml  and  0.355  ug/ml  for  children  from  Villa 
Bruzual  and  Caracas,  respectively.  Blood  and  urine  Se  levels  were  highest  in 
those  children  who  consumed  the  most  home-grown  foods.  Clinical  signs  (naus- 
ea, vomiting,  skin  discoloration,  loose  hair,  and  pathological  nails)  were 
evident  in  more  children  in  Villa  Bruzual  than  in  Caracas,  however,  biochemi- 
cal differences  between  groups  (other  than  Se  levels)  were  not  observed.  The 
authors  concluded  that  differences  in  clinical  signs  may  have  been  the  result 
of  lower  nutritional  status  and  greater  parasitic  infestation  in  children  from 
Villa  Bruzual  compared  with  those  from  Caracas,  and  not  evidence  of  selenosis. 

Perhaps  the  best  evidence  of  endemic  human  disease  resulting  from  both 
deficiency  and  toxicity  of  Se  is  from  China.  China  is  known  to  have  the 
greatest  variation  of  Se  intakes,  with  average  estimates  ranging,  throughout 
the  country,  from  11  to  4990  ug/person/day  (Combs  and  Combs,  1984).  Keshan 
and  Kaschin-Beck  diseases,  syndromes  believed  to  result  in  part  from  Se  defi- 
ciency, have  been  discussed  in  section  IV.  A  toxicity  syndrome  apparently 
resulting  from  excessive  Se  was  reported  in  another  province  of  China. 

In  the  I960' s,  a  disease  of  unknown  etiology,  characterized  by  hair  and 
nail  loss,  occurred  in  the  Enshi  county,  Hubei  Province,  China  (PRC).  Resi- 
dents of  affected  villages  were  evacuated,  and  most  recovered  soon  after  their 
diets  were  altered  [reported  in  Yang  et  al . ,  1983].  Corn  was  identified  as 
the  toxic  dietary  constituent  and  subsequent  analysis  indicated  that  Se  was 
responsible  for  the  clinical  syndrome.  Identification  of  this  problem  promp- 
ted further  studies  in  the  area  (Yang  et  al . ,  1983).  Selenosis  was  defined  in 
the  population  by  the  loss  of  hair  and  nails.  In  affected  individuals,  hair 
was  brittle  and  easily  broken;  new  hair  lacked  pigment.  Nails  were  brittle 
with  white  spots  and  longitudinal  streaks;  they  eventually  broke  off.  Erup- 
tive skin  lesions  were  noted  with  reddish  pigmentation  frequently  remaining 
after  the  lesions  had  healed.   Tooth  mottling  was  evident  in  approximately 
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one-third  of  the  cases,  but  this  could  not  be  distinguished  from  fluorosis 
which  was  also  reported  in  the  area.  Numerous  neurological  signs  (including, 
parethesias,  pain  in  the  extremities,  tendon  hyperreflexia,  convulsions, 
paralysis,  motor  disturbance,  and  hemiplegia),  frequently  accompanied  by 
gastrointestinal  disturbances,  were  observed  in  one  village  that  had  a  par- 
ticularly high  prevalence  of  selenosis.  One  hemiplegic  died. 

Follow-up  studies  conducted  2,  12,  and  13  years  after  the  peak  period  of 
intoxication  (1961-1964)  compared  the  Se  status  of  individuals  in  four  geogra- 
phic areas:  i)  a  high-Se  area  where  selenosis  was  common  in  livestock  and 
signs  occasionally  occurred  in  humans,  ii)  a  high-Se  area  without  a  history  of 
selenosis  in  livestock  or  humans,  iii)  a  Se-adequate  area,  and  iv)  an  area  of 
endemic  Keshan  disease  (i.e.,  severely  Se-deficient  area)  (Yang  et  al . ,  1983). 
Hair,  blood,  and  urinary  selenium  levels  were  found  to  reflect  the  degree  of 
exposure  to  Se  with  elevations  of  30-  to  100-fold  in  areas  of  chronic  seleno- 
sis compared  .with  Se-adequate  areas. 

The  Se  contents  of  cereal  and  vegetable  crops  were  also  markedly  elevated 
in  areas  with  a  history  of  selenosis.  The  average  intake  of  Se  in  this  region 
was  calculated  to  be  4.99  mg/day  (range,  3.2  to  6.69  mg/day),  compared  with  an 
estimated  average  of  0.75  mg/day  (range,  0.24  to  1.51  mg/day)  in  the  high-Se 
area  without  a  history  of  selenosis  and  0.115  mg/day  in  a  Se  adequate  area. 
The  estimated  daily  Se  intake  of  persons  in  the  high-Se  areas  with  and  without 
a  history  of  selenosis  were  based  on  6  and  3  individuals,  respectively. 
Because  of  the  very  small  samples  size,  the  delay  in  analysis  following  the 
outbreak,  and  the  different  analytical  methodologies  used  for  Se  analysis,  it 
is  very  difficult  to  determine  the  likelihood  of  health  risk  from  consumption 
of  these  levels  of  Se.  The  authors  questioned  whether  the  highest  level  of 
intake  estimated  in  the  high-Se  region  (3.2  to  6.69  mg/day)  would  have  elici- 
ted the  selenotic  signs  and  symptoms  described  or  whether  additional  factors 
such  as  protein  deficiency  may  have  been  required  to  exhibit  toxicity  signs. 

Although  drinking  water  is  usually  a  relatively  insignificant  source  of 
the  total  daily  intake  of  Se  for  humans,  in  the  area  with  chronic  selenosis, 
11  water  samples  were  found  to  contain  an  average  Se  content  of  54  ug/1 .  Four 
of  these  samples  (from  a  village  with  high  prevalence  of  selenosis)  averaged 
139  ug/1  in  Se  content.  The  authors  concluded  that,  in  the  case  of  this 
episode  of  selenosis,  while  drinking  water  was  still  far  less  significant  a 
source  of  selenium  than  the  diet,  this  level  of  selenium  in  water  undoubtedly 
contributed  to  the  high  selenium  intakes  experienced  in  this  area.  (Given  the 
typical  estimated  water  intake  of  2  liters/day,  54-135  ug  Se/1  of  water  would 
provide  108  to  270  ug  of  Se  to  the  total  diet;  or,  2-5.6%  of  the  total  dietary 
Se  in  that  geographic  area).  Other  selenium  exposures  (e.g.,  air)  may  have 
been  elevated  in  this  population  as  well. 

As  mentioned  above,  the  authors  described  several  exacerbating  factors 
which  may  have  contributed  to  this  particular  outbreak  of  selenosis:  drought, 
leading  to  increased  consumption  of  crops  (e.g.,  corn  and  other  vegetables) 
that  typically  accumulate  higher  levels  of  Se  than  rice,  which  was  normally 
consumed;  increased  use  of  plant  ash  during  that  period  to  improve  crop 
yields;  and  decreased  protein  intakes,  leading  to  increased  susceptibility  to 
Se  toxicity  (Rosenfeld  and  Beath,  1946).  Current  agricultural  policy  in 
China,  which  may  help  to  mitigate  this  problem  in  the  future,  encourages 
production  and  consumption  of  more  types  of  foodstuffs  and  exchange  of  food 
products  at  local  markets  (Yang  et  al . ,  1983). 
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As  mentioned  previously,  the  ability  of  Se  compounds  to  be  absorbed  der- 
mally  is  not  well  known.  Occupational  dermal  exposure  to  some  Se  compounds 
(e.g.,  Se  dioxide,  Se  oxychloride,  sodium  selenite)  has  resulted  in  painful 
burning  skin  reactions,  erythema,  allergic  dermatitis  (Combs  and  Combs, 
1986h),  and  urticaria  (Glover,  1967).  Animal  data  indicate  that  Se  oxychlo- 
ride and  sodium  selenite  may  be  absorbed  through  the  skin  to  some  degree 
(Dudley,  1938;  Dutkiewicz  et  al . ,  1972).  Se  (i.e.,  Se  sulfide)  present  in 
antidandruff  shampoos  is  considered  relatively  nontoxic  (Frost  and  Lish, 
1975),  and  only  capable  of  penetrating  though  a  scalp  wound  to  cause  a  genera- 
lized toxic  reaction  (Shamberger,  1983c).  Ransone  et  al .  (1961)  reported 
apparent  Se  toxicosis  resulting  from  inappropriate  use  of  a  Se-medicated 
shampoo  which  was  absorbed  through  a  scalp  lesion.  A  46-year  old  women  who 
used  the  shampoo  2  or  3  times  weekly  for  8  months  to  cure  a  scalp  eruption 
developed  several  signs  of  Se  intoxication  including  tremor,  abdominal  pain 
with  vomiting,  garlic  breath  odor,  and  a  metallic  taste  in  her  mouth.  Addi- 
tionally, her  urinary  Se  level  measured  5  days  after  her  last  use  of  the 
product  was  32  ug/ml  (although  markedly  elevated,  this  level  was  considered  an 
underestimate  of  the  true  value  because  of  delay  in  collection  and  laboratory 
analysis).  Treatment  was  of  a  supportive  nature  and  the  patient  recovered 
completely  within  10  days. 

Inhalation  toxicity  studies  of  environmentally  important  Se  compounds 
(e.g.,  selenate,  selenomethionine)  have  not  been  found  in  the  literature, 
however,  Combs  and  Combs  (1986h)  discussed  reports  of  accidental  inhalation 
exposures  in  industrial  workers.  Signs  and  symptoms  resulting  from  inhalation 
of  a  few  Se  compounds  include  running  nose,  coughing,  headache,  dizziness,  and 
nausea,  followed  by  conjunctivitis,  rhinitis,  bronchitis,  and  possibly,  pul- 
monary edema  (Combs  and  Combs,  1986h).  As  mentioned  earlier,  anecdotal  re- 
ports indicate  that  inhalation  of  dimethyselenide  may  be  responsible  for 
various  respiratory  symptoms.  Although  the  acute  toxicity  of  dimethyl selenide 
is  known  to  be  considerably  less  than  that  of  selenite  or  selenate,  when 
injected  intraperitoneally  (i.p.)  or  subcutaneously  (s.c.)  to  laboratory 
animals  (McConnell  and  Portman,  1952;  Ostadalova  and  Babicky,  1980),  data  from 
acute  i.p.  or  s.c.  LD50  studies  may  not  be  useful  for  assessing  the  risk  of 
chronic  exposure  to  low  or  moderate  levels  of  dimethyl selenide  via  inhalation. 
Chronic  toxicity  of  inhaled  dimethylselenide,  including  any  possible  car- 
cinogenic, mutagenic,  or  teratogenic  effects,  has  not  been  evaluated. 

In  addition  to  symptoms  of  acute  or  chronic  selenosis,  per  se,  other 
diseases  have  also  been  suggested  as  resulting  from  excessive  subclinical 
intakes  of  Se.  Hadjimarkos  (1973)  reviewed  several  epidemiological  and  ex- 
perimental animal  studies  that  indicated  excessive  consumption  of  Se  during 
tooth  formation  increases  susceptibility  to  dental  caries.  Jaffe  et  al . 
(1972)  found  a  lower  prevalence  of  caries  among  residents  of  seleniferous 
areas  of  Venezuela  compared  with  residents  of  a  control  (i.e.,  lower  Se)  area; 
however,  this  result  was  confounded  by  the  known  higher  fluorine  content  in 
drinking  water  of  seleniferous  regions.  Jacobs  (personal  communication)  noted 
severe  apparently  spontaneous  caries  development  in  at  least  one  person  who 
consumed  the  Brite  Years  Se  preparation  that  contained  inadvertently  high  Se 
levels  (see  section  VLB).  Other  authors  have  failed  to  confirm  a  correlation 
between  the  incidence  of  dental  caries  and  Se  intake  (NRC,  1983d);  the  issue 
remains  unclear. 

One  anecdotal  report  has  suggested  an  association  between  high  levels  of 
Se  and  the  occurrence  of  amyotrophic  lateral  sclerosis  (ALS).   Kilness  and 
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Hochberg  (1977)  reported  a  cluster  of  4  cases  of  ALS  in  rural  residents  of  a 
sparsely  populated  seleniferous  region  of  west-central  South  Dakota.  Respon- 
ses to  this  paper  (Kurland,  1977;  Schwarz,  1977)  pointed  out  that  other  clus- 
ters of  ALS  have  been  reported  in  areas  where  environmental  selenium  is  ap- 
parently not  excessive  (Hochberg  et  al . ,  1974).  Norris  and  U  (1978)  furthered 
the  case  for  coincidental  association  by  reporting  that  19  of  20  patients  with 
well-established  ALS  had  urinary  selenium  levels  in  the  lower  half  of  the 
laboratories'  range  for  unexposed  persons.  Thus,  it  appears  unlikely  at  this 
time  that  excessive  Se  is  a  causative  agent  in  the  development  of  ALS. 

C.  Mutagenicity 

In  vitro  and  in  vivo  studies  have  indicated  that  selenite,  and  possibly 
selenate,  may  cause  DNA  damage  (Hogberg  and  Alexander,  1986).  Both  oxidation 
states  of  Se  have  been  shown  to  induce  weak  base-pair  substitutions  in  Sal  - 
monel 1  a  typhimurium  and  the  rec-assay  of  Bag i 1 1  us  subti 1 i s  (Noda  et  al . , 
1979).  Sister  chromatid  exchange  has  been  induced  by  selenite  in  lymphocyte 
cultures  in  the  presence  of  glutathione  (Ray,  1984),  indicating  that  biotrans- 
formation may  be  needed  to  express  mutagenic  activity  (Hogberg  and  Alexander, 
1986).  High  levels  of  selenite  have  been  found  to  cause  chromosomal  aberra- 
tions and  increase  sister  chromatid  exchange  in  cultured  hamster  bone  marrow 
cells  (Norppa  et  al . ,  1980) . 

D.  Carcinogenicity 

Early  studies  with  rats  suggested  that  Se  might  induce  or  enhance  the 
development  of  hepatic  cirrhosis  and  carcinoma  (Nelson,  1943;  Volgarev  and 
Tscherkes,  1967).  Numerous  experimental  complications  unrelated  to  Se  cast 
doubt  on  these  findings  (Combs  and  Combs,  1986 i ) .  A  later  report  suggested 
that  selenate,  but  not  selenite,  might  be  tumorigenic  and  carcinogenic  (Schro- 
eder  and  Mitchener,  1971).  Because  selenate-fed  rats  in  this  experiment 
survived  an  average  of  125  days  longer  than  control  rats,  it  has  been  proposed 
that  these  rats  merely  lived  long  enough  to  be  at  greater  risk  for  development 
of  tumors  (Combs  and  Combs,  1986 i ) .  Evidence  for  the  potential  carcinogeni- 
city of  Se  is  very  weak;  the  majority  scientific  opinion  at  this  time  holds 
that  Se,  as  found  in  food  and  water,  is  not  a  carcinogenic  risk  to  man  (Combs 
and  Combs,  1986i;  Lafond  and  Calabrese,  1979;  Frost  and  Lish,  1975;  Scott, 
1973;  Newberne,  1985;  Vernie,  1984).  In  fact,  much  of  the  current  literature 
regarding  Se  points  to  potential  cancer  chemopreventive  and  other  protective 
properties  of  the  element  (see  section  X). 

E.  Reproductive  Toxicity 

Excessive  levels  of  Se  are  well  known  to  have  teratogenic  potential  in 
avian  species  (Franke  and  Tully,  1936;  Gruenwald,  1958;  Palmer  et  al.,  1973), 
and  have  also  been  shown  to  decrease  reproductive  performance  in  pigs  (10  ppm 
dietary  Se)  (Wahlstrom  and  Olson,  1959),  sheep  (Rosenfeld  and  Beath,  1964b), 
and  rodents  (as  little  as  2.5  ppm  in  drinking  water  has  been  shown  to  affect 
reproductive  performance  in  a  second  generation  of  rats)  (Franke  and  Potter, 
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1936;  Yonemoto  et  al . ,  1983).  These  effects  have  included  reduced  fertility 
or  conception  rates,  reduced  litter  size  and/or  weight,  and  increased  neonatal 
death.  Terata  have  been  reported  in  the  offspring  of  sheep  grazing  on  sele- 
niferous  ranges  (Rosenfeld  and  Beath,  1964b).  Malformations  in  sheep  occur 
most  frequently  in  eyes  and  feet.  This  is  similar  to  frequency  of  abnor- 
malities found  in  chicks. 

Substantive  epidemiological  studies  of  reproductive  outcomes  following 
excessive  Se  exposure  in  humans  have  not  been  conducted.  Possible  risks  from 
occupational  or  dietary  exposures  have  been  noted,  however.  In  a  comparison 
study  of  residents  of  a  rural  community  with  a  water  supply  that  contained 
between  50  and  125  ug/1  Se  and  a  control  group  (from  the  same  county)  of 
residents  with  a  different  (non-seleniferous)  water  supply,  a  significant 
positive  correlation  (r  =  0.56)  was  found  between  24-hour  urinary  Se  output 
and  history  of  miscarriage  (p<0.002)  (Tsongas  and  Ferguson,  1977).  However, 
this  relationship  was  not  confirmed  in  a  follow-up  study  (NRC,  1983d). 
Robertson  (1970)  noted  a  high  rate  of  miscarriage  and  one  bilateral  clubfoot 
in  a  small  group  of  female  laboratory  workers  exposed  to  sodium  selenite.  In 
that  study,  however,  urinary  selenium  levels  in  the  exposed  women  were  similar 
to  controls.  Small  sample  size  and  the  fact  that  other  potential  etiologic 
agents  were  not  ruled  out  limit  interpretation  of  this  observation.  Based  on 
an  evaluation  of  public  health  records,  a  National  Research  Council  panel  con- 
cluded that  congenital  malformations  of  infants  were  not  correlated  with  Se 
exposure  (NRC,  1983d).  In  contrast,  studies  with  hamsters  have  indicated  that 
Se  may  be  able  to  offer  protection  from  the  teratogenic  effects  of  cadmium  and 
arsenic  under  certain  conditions  (Holmberg  and  Ferm,  1969). 

F.  Mechanism(s)  of  Toxicity 

Although  the  toxic  mechanism(s)  of  selenium  are  not  well  understood,  it  is 
believed  that  selenium  exerts  its  toxic  effects  by  inhibiting  important  thiol - 
sensitive  enzymes,  for  example,  fatty  acid  synthase  (Martin,  1978).  Another 
possible  consequence  of  selenite  intoxication  may  be  metabolic  imbalances 
resulting  from  depletion  of  NADPH.  During  the  detoxification  of  selenite  via 
glutathione  reductase,  NADPH  is  a  necessary  cofactor.  If  the  intake  of  sele- 
nite is  excessive,  NADPH  may  become  limiting  (Martin,  1978). 

G.  Interactions  that  Affect  Toxicity 

As  noted  throughout  this  document,  numerous  exogenous  factors  may  affect 
bioavailability,  absorption,  distribution,  and  excretion  of  Se.  Therefore, 
many  of  these  factors  may  ultimately  mitigate  or  exacerbate  Se  toxicosis. 
Similarly,  dietary  Se  in  the  diet  may  modify  the  potency  of  a  number  of  other 
toxic  agents. 

Considerable  effort  has  been  made  to  identify  substances  that  may  suppress 
Se  toxicity.  A  number  of  compounds  have  been  shown  to  decrease  the  toxicity 
of  Se  in  some  way:  vitamin  E,  antioxidants,  high  dietary  protein,  sulfur 
amino  acids,  linseed  oil  meal,  lysine,  fish  meal,  sulfate,  arsenic,  lead, 
mercury,  copper,  silver,  and  zinc  (Combs  and  Combs,  1986d;  Levander,  1971; 
Mykkanen  and  Humaloja,  1984;  Parizek  et  al . ,  1980;  Venogopal  and  Luckey, 
1978).   The  mechanisms  of  these  interactions  are  not  well  characterized,  but 
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include  increasing  the  biliary  excretion  of  Se,  enhancing  the  binding  of  Se  in 
tissues  in  (presumably)  less  toxic  forms,  and/or  reducing  tissue  Se  residues 
(Levander,  1972).  Therefore,  some  conditions  (e.g.,  high  copper  or  silver 
diets)  may  lead  to  biochemical  signs  of  Se  depletion  as  Se  is  concomitantly 
elevated  in  hepatic  tissue  (Mills,  1981). 

Se  toxicity  may  be  exacerbated  by  deficiencies  of  certain  dietary  con- 
stituents. Rats  fed  low-protein  diets  exhibited  signs  of  toxicity  at  lower 
intakes  of  selenium  than  did  rats  fed  higher  levels  of  protein  (Rosenfeld  and 
Beath,  1946).  Interactions  appear  to  vary  considerably  according  to  the 
chemical  form  of  the  element  (Mills,  1981). 

VII.  TREATMENT 


Currently,  a  treatment  for  Se  toxicity  is  not  known,  although  removal  of 
the  subject  from  the  source  of  Se  is  very  important  in  selenosis.  Bromoben- 
zene,  although  hepatotoxic  (Combs  and  Combs,  1986h),  was  reported  in  earlier 
literature  as  a  possible  treatment  for  Se  poisoning  (Rosenfeld  and  Beath. 
1964c).  Cyanide  and  arsenite  have  been  documented  as  counteracting  Se  in- 
toxication in  laboratory  animals,  although  these  remedies  have  never  been 
reported  in  humans  (Hogberg  and  Alexander,  1986). 

VIII.  TYPICAL  EXPOSURE  LIMITS/BODY  BURDEN/TOXIC  LIMITS 

As  previously  mentioned,  Se  is  generally  widespread  in  most  environments 
and  a  required  nutrient  for  humans  and  animals.  One  Maryland  study  estimated 
typical  consumption  of  Se  from  food  to  be  approximately  132  ug/day  in  adults; 
the  intake  of  Se  for  a  6-month  old  child  was  estimated  to  be  28  ug/day  (Levan- 
der, 1976b).  Another  recent  study  in  a  seleniferous  region  of  South  Dakota 
found  typical  Se  consumption  levels  up  to  590  ug/d  in  adults,  without  signs  of 
toxicity  (Longnecker  et  al . ,  1987).  Sakurai  and  Tsuchiya  (1975)  have  es- 
timated that  in  some  extreme  fish-eating  Japanese  populations,  Se  consumption 
may  reach  500  ug/d.  Other  estimates  of  Se  intake  in  U.S.  adults  have  ranged 
from  60-216  ug/d  (Welsh  et  al . ,  1981).  One  individual  from  Southern  Califor- 
nia was  known  to  ingest  600  Se  ug/d  (including  supplementation)  for  18  months 
without  apparent  ill -effect  (Schrauzer  and  White,  1978).  Nine  Finnish  neuro- 
nal ceroid  lipofuscinosis  patients  were  supplemented  with  0.050  mg  Se/kg  body 
weight  in  the  form  of  sodium  selenite  (equivalent  to  a  dose  of  3,500  ug/d)  for 
more  than  one  year;  toxic  signs  were  not  seen  (Westermarck,  1977).  However, 
Yang  et  al . ,  (1983)  reported  thickened  nails  and  garlic  odor  of  dermal  excre- 
tions in  an  62  year  old  man  who  consumed  2,000  ug/d  sodium  selenite  as  a 
supplement  (approximately  1,000  ug/d  Se). 

The  EPA  drinking  water  limit  for  Se  is  currently  set  at  10  ppb;  only  1 
sample  in  418  analyzed  in  1975  exceeded  this  limit  (U.S.  EPA,  1980).  Given 
the  typical  estimated  water  consumption  for  adults  of  approximately  2  1  iters/ - 
day,  drinking  water  containing  10  ppb  Se  would  provide  20  ug  Se/day  to  the 
diet. 

The  average  body  burden  of  Se  has  been  estimated  to  be  approximately  14.6 
mg  (Hammond  and  Beliles,  1980),  with  approximately  13  mg  contained  in  soft 
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tissue  (Snyder  et  al . ,  1975).  The  distribution  of  Se  within  the  body  has  been 
discussed  previously  (see  section  V.B). 

At  the  time  of  the  last  issuance  of  the  Recommended  Dietary  Allowances 
(RDA)  (i.e.,  1980),  the  Food  and  Nutrition  Board,  National  Academy  of  Scien- 
ces, was  unable  to  quantitate  a  human  requirement  for  Se  (NRC,  1980);  instead, 
a  range  of  50  to  200  ug/day  was  suggested  as  "safe  and  adequate"  for  adults. 
Based  on  extrapolation  to  lower  consumption  levels,  "safe  and  adequate"  in- 
takes of  Se  for  infants  and  children  under  6  years  have  been  suggested  as  10 
to  40  ug/day  and  20  to  120  ug/day,  respectively.  The  exact  safety  margin  for 
this  recommendation  is  unknown;  however,  evaluation  of  literature  values  for 
apparently  safe  and  toxic  exposures  can  aid  in  interpretation  of  a  given 
exposure  situation. 

IX.  INDICATORS  OF  EXCESSIVE  ACCUMULATION 


Methods  for  evaluation  of  Se  status  in  population  groups  have  been  dis- 
cussed by  Klasing  and  Pilch  (1985),  utilizing  numerous  excellent  reviews  as 
well  as  expert  consultants  in  the  subject  matter.  Significant  portions  of 
this  section  have  been  excerpted  and  edited  from  that  document. 


A.   Indices 

Indices  of  Se  status  have  been  well  reviewed  by  Levander  (1985,  1986). 

Se  Levels  in  Blood.  The  measurement  of  Se  concentration  in  blood  and 
blood  components  has  been  used  to  assess  the  long-term  Se  nutritional  status 
of  animals  and  human  subjects.  In  rats,  erythrocyte  and  plasma  Se  levels  were 
found  to  be  indicators  of  the  Se  content  of  muscle  and  liver,  the  major  sites 
of  storage  (Levander,  1985).  Se  levels  in  serum  or  plasma  respond  more 
quickly  than  muscle  levels  to  short-term  shifts  in  Se  intake  (Levander,  1985). 

Blood  Se  values  reported  for  free-living  populations  vary  widely  by  geo- 
graphic area.  Some  of  the  greatest  variation  in  blood  Se  levels  have  been 
reported  in  China:  persons  living  in  an  area  with  endemic  Keshan  disease  were 
reported  to  average  0.021  g  Se/ml  whole  blood,  while  persons  living  in  an 
area  with  a  history  of  chronic  selenosis  were  reported  to  average  3.2  g  Se/ml 
whole  blood  (Yang  et  al . ,  1983).  While  these  values  may  provide  useful  refer- 
ence points  for  comparing  widely  divergent  selenium  exposures,  they  are  not 
particularly  useful  for  assessing  physiological  implications  of  smaller  devia- 
tions in  Se  status  (Levander,  1985).  Wahlstrom  et  al .  (1984)  have  shown  that 
blood  Se  levels  do  not  necessarily  reflect  chronic  selenosis  symptoms  in  swine 
fed  8  ppm  dietary  selenite.  Of  red,  black,  and  white  pigs  fed  the  supplemen- 
tal Se,  all  had  similar  blood  Se  levels  but  only  red  pigs  showed  toxicity 
signs,  including  posterior  paralysis  and  separation  of  the  hooves  at  the 
coronary  band.  Additionally,  recent  data  indicate  that  plasma  Se  may  not 
accurately  reflect  increased  body  Se  burden  following  moderate  to  high  con- 
sumption level  of  organic  Se  compounds  (Mills,  1981),  the  typical  forms  found 
in  foodstuffs.   Allaway  et  al .  (1968)  have  reported  blood  Se  values  to  vary 
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from  0.10  to  0.34  mg/1  among  free-living  person  in  19  different  geographic 
areas  of  the  United  States;  the  overall  mean  was  0.206  mg  Se/1 . 

Erythrocyte  Se  level  can  be  an  indicator  of  total  body  Se  status  in  most 
individuals  on  relatively  stable  diets  (Levander,  1985).  However,  Se  levels 
do  not  change  as  rapidly  in  the  erythrocytes  as  they  do  in  the  muscle  pool 
during  acute  Se  intoxication  (Levander,  1985).  Additionally,  chronic  toxicity 
studies  indicate  that  erythrocyte  Se  levels  may  not  be  adequate  for  monitoring 
body  burdens  of  organic  Se  compounds  (McAdam  and  Levander,  1987).  Serum  or 
plasma  Se  levels  provide  a  shorter-term  index  of  Se  status  than  does  eryth- 
rocyte level,  but  has  the  advantage  of  a  much  simpler  assay  procedure  (Levand- 
er, 1985). 

Se  Content  of  Other  Tissues.  Muscle  biopsy  directly  assesses  the  Se 
content  of  a  large  (50%  of  total  body  Se),  long-term  pool  (Levander,  1985), 
but  is  clearly  not  feasible  for  humans.  Hair  Se  has  been  reported  to  be  an 
excellent  indicator  of  muscle  and  liver  Se  in  rats  and  to  correlate  well  with 
blood  Se  levels  of  persons  in  China  (Chen  et  al . ,  1980;  Levander,  1985). 
Standardization  of  the  amount  of  hair  sampled  as  well  as  the  scalp  site  is 
important  for  reproducibility  (Combs  and  Combs,  1986g).  Certain  conditions 
may  decrease  the  usefulness  of  hair  trace  mineral  analysis:  the  use  of  Se- 
containing  shampoos  and  various  hair  treatments  (e.g.,  coloring  and  "perming") 
may  affect  Se  or  other  element  content  (Davies,  1982;  Levander,  1985).  Hair 
color  may  be  another  complicating  variable;  Se  content  is  known  to  vary  in  the 
hair  of  different  colored  pigs  (Wahlstrom  et  al . ,  1984).  The  hair  of  red  pigs 
contained  less  Se  than  white  and  black  pigs  fed  a  basal  diet  supplemented  with 
8  ppm  sodium  selenite;  blood  Se  levels  did  not  differ  between  pigs  of  dif- 
ferent colors.  Whether  color  differences  affect  Se  deposition  in  the  hair  of 
humans  is  unknown,  although  Schroeder  et  al .  (1970)  reported  that  hair  samples 
obtained  from  8  persons,  aged  3.5  to  84  years,  contained  remarkably  similar  Se 
levels,  regardless  of  hair  color.  Toenail  Se,  like  hair  Se,  has  been  sug- 
gested as  a  noninvasive  tissue  for  assay.  Toenails  may  present  fewer  problems 
due  to  environmental  contamination  than  hair  (Morris  et  al . ,  1983).  Se  is 
incorporated  into  nails  as  they  grow  and  clippings  from  all  ten  toes  can 
reflect  tissue  Se  status  integrated  over  an  extended,  but  ill -defined,  period 
of  time  (Morris  et  al . ,  1983).  However,  little  information  on  the  relation- 
ship of  toenail  Se  to  total  body  Se  has  been  published.  Additionally,  factors 
which  may  affect  nail  growth  and  thereby  influence  their  selenium  content  have 
not  been  identified  (Levander,  1985). 

Se  Excretion  in  Urine.  Although  Se  exposure  has  been  monitored  in  an 
industrial  setting  by  measuring  Se  excretion  in  the  urine  (Glover,  1967),  the 
Se  content  of  random  urine  samples  can  be  greatly  affected  by  recent  dietary 
intake  and  is  susceptible  to  diurnal  variation  (Levander,  1985;  Thomson,  1974; 
Palmquist  et  al . ,  1979).  Additionally,  urinary  volume  is  affected  by  numerous 
factors  which  are  difficult  to  control  for  during  analysis  (Levander,  1985). 
Thus,  urinary  Se  concentration  is  not  especially  valuable  as  a  status  assess- 
ment tool  (Combs  and  Combs,  1986g).  Blood  Se  levels  and  24-hour  urinary  Se 
excretion  in  New  Zealanders  were  significantly  correlated  (Griffiths  and 
Thomson,  1974);  however,  24-hour  urine  samples  are  exceedingly  difficult  to 
obtain  (Levander,  1985).  Additionally,  dietary  Se  intakes  can  vary  dramati- 
cally from  day  to  day  and  urinary  Se  may  partially  reflect  these  differences. 
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Thus,  more  than  a  single  urinary  value  may  be  necessary  to  accurately  indicate 
Se  status. 

Glutathione  Peroxidase  Activity.  The  activity  of  this  selenoenzyme  in 
whole  blood,  serum  or  plasma,  erythrocytes,  and  platelets  has  been  measured  as 
a  functional  indicator  of  Se  status.  Good  correlations  between  Se  content  and 
glutathione  peroxidase  (GSHpx)  activity  in  tissues  are  generally  found  in 
populations  of  known  low  Se  status  (Rea  et  al . ,  1979).  However,  enzyme  ac- 
tivity is  probably  near  optimal  in  most  North  Americans;  thus,  its  usefulness 
in  differentiating  various  degrees  of  Se  status  is  questionable  (Levander, 
1985).  Additionally,  hemoglobin  appears  to  interfere  with  the  assay  procedure 
for  GSHpx  in  blood  (Levander,  1986). 

B.  Methods 

Analysis  of  the  Se  content  of  biological  materials  has  been  reviewed  by 
numerous  authors  including,  Berman  (1980),  Hogberg  and  Alexander  (1986), 
Shamberger  (1983d),  and  Tolg  (1984).  Many  techniques  have  been  used  for  Se 
analysis  including  fluorimetry,  neutron  activation  analysis  (NAA),  proton- 
induced  X-ray  emission  (PIXE),  mass  spectrometry,  and  atomic  absorption  spec- 
trometry (AAS).  Most  methods  currently  used  for  analysis  of  Se  rely  on  acid 
digestion  and  conversion  to  a  common  valence  state  prior  to  determination  of 
the  total  Se  content  (Hogberg  and  Alexander,  1986).  The  specific  method 
chosen  for  Se  analysis  may  depend  on  availability  and  cost  of  equipment  as 
well  as  the  desired  detection  limit.  Regardless  of  method,  strict  quality 
assurance  practices  should  be  observed  to  insure  validity  of  data  (NRC,  1971). 

C.  Basis  for  Interpretative  Criteria 

Widely  varying  indicators  of  Se  status  are  generally  useful  for  determina- 
tion of  overtly  deficient  and  selenotic  states,  although  blood  or  tissue  Se 
levels  do  not  always  reliably  predict  clinical  signs  of  Se  toxicity  or  defici- 
ency (Levander, "  1985;  Burk,  1976).  Smaller  deviations  in  Se  assessment 
measures  have  unknown  physiological  or  toxicological  significance  (Levander, 
1985).  Because  of  the  myriad  of  biological  substances  that  are  known  to 
interact  metabolically  with  Se  at  nutritional  and/or  toxicological  levels, 
interpretation  of  indicators  of  Se  status,  especially  those  at  less  extreme 
values  is  very  difficult  (Levander,  1986).  For  example,  blood  Se  levels  may 
change  significantly  with  age,  pregnancy  status,  alcoholism,  cardiovascular 
disease,  cancer,  Down  Syndrome,  and  any  of  several  other  conditions  (Delves, 
1985).  Thus,  investigation  of  the  Se  status  of  a  population  requires  thorough 
planning  and  reference  to  carefully  matched  control  data  (Levander,  1985; 
Delves,  1985). 

D.  Quality  Assurance/Quality  Control 

Se  analysis  has  proved  arduous  for  many  research  and  non-research  labora- 
tories. Difficulties  have  been  experienced  with  both  accuracy  and  precision 
of  results  (Hogberg  and  Alexander,  1986).  An  international  survey  of  blood  Se 
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analyses  reported  inter! aboratory  coefficients  of  variation  greater  than  13% 
for  all  samples  (Koh,  1984).  Lack  of  effective  quality  control  schemes  was 
cited  as  the  most  likely  cause  of  unsatisfactory  results.  Many  difficulties 
arise  because  of  the  instability  and  volatility  of  Se  compounds  during  sam- 
pling, storage,  preparation,  and  analysis  (Hogberg  and  Alexander,  1986). 
Inadequate  or  too  rapid  destruction  of  organic  matrices  prior  to  analysis  is 
another  common  source  of  error  in  some  procedures,  although  newer  methods  help 
to  reduce  this  problem  (Krynitsky,  1987).  Se  is  rapidly  lost  from  a  sample  if 
charring  occurs. 

X.  SPECIAL  CONSIDERATIONS 

As  mentioned  previously,  Se  is  an  essential  nutrient;  adequate  consumption 
of  this  element  is  important  for  protection  of  human  and  animal  health.  In 
addition  to  known  nutritional  functions,  studies  with  animal  models  suggest 
that  Se  may  be  a  cancer  or  cardiovascular  disease  preventive  agent  at  levels 
in  clear  excess  of  physiological  requirements.  Antineoplastic  activity  of 
selenium  has  been  reported  for  a  variety  of  chemically- induced  cancers  of  the 
skin,  liver,  and  colon,  as  well  as  chemically  and  viral ly-induced  mammary 
neoplasia  (Clark,  1985;  Combs  and  Clark,  1985;  Helzlsouer,  1983;  Ip,  1986;  Kok 
et  al.,  1985;  Milner,  1985;  Newberne,  1985;  Salonen,  1986;  Salonen  and  Hut- 
tunen,  1986;  Scott,  1973;  Vernie,  1984;  Whanger,  1983).  Although  ecologic 
studies  have  generally  shown  similar  inverse  associations  between  regional 
distribution  patterns  for  Se  and  age-specific  death  rates  for  various  corona- 
ry, hypertensive,  and  cerebrovascular  diseases  (Mahan  and  Moxon,  1978;  Sham- 
berger  et  al.,  1975),  these,  and  other,  correlational  studies  are  subject  to 
numerous  confounding  biases. 
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APPENDIX  B 
BORON 


I.  INTRODUCTION 

Boron  has  been  identified  as  a  potential  substance-of-concern  in  agricul- 
tural drainage  waters  from  the  west  side  of  the  San  Joaquin  Valley  and  a 
serious  water  quality  concern  in  the  San  Joaquin  River  (Hansen  and  Morehardt, 
1987).  Estimates  of  the  highest  median  concentrations  of  boron  in  ground 
waters,  surface  runoff  waters,  and  river  water  (7.4,  3.1,  and  1.1  ppm,  respec- 
tively) all  exceed  the  established  limits  recommended  to  protect  plant  and 
aquatic  life  (Hansen  and  Morehardt,  1987). 

II.  OCCURRENCE 


A.  Natural 

Boron  is  a  trivalent  metalloid  comprising  about  0.001%  of  the  earth's 
crust  in  the  form  of  its  compounds,  rather  than  in  the  elemental  state 
(Windholz,  1976).  More  boron  is  contained  in  soils  formed  from  marine 
sediments  than  those  formed  from  igneous  rocks,  and  soils  on  average  have  a 
higher  content  than  rocks  (Norrish,  1975).  The  forms  of  boron  found  in  nature 
include  boric  acid  (H2BO3),  such  as  found  in  some  volcanic  spring  waters,  and 
various  salts,  primarily  borax  ^26407.  IOH2O)  and  colemanite  (Ca2B50ji  .5H2O) 
(Weast,  1983-1984).  A  native  sodium  tetraborate,  from  which  borax  is  prepar- 
ed, is  found  in  California,  Nevada,  Oregon,  and  Asia  Minor.  Other 
naturally-occurring  forms  include  boronatrocalcite  (CaB40yNaB02.8H20)  and 
borocite  (MgyCl 2^16^30)  (National  Research  Council,  1980).  As  noted  by 
Sprague  (1972),  tne  ecological  significance  of  boron  is  associated  almost 
exclusively  with  boric  acid  and  the  borates.  Other  boron  compounds  are 
manufactured  and  used  in  small  quantities  under  relatively  controlled  condi- 
tions. Upon  release  into  the  environment,  most  of  these  compounds  break  down 
to  yield  boric  acid  and  borates.  Boron  is  readily  taken  up  by  plants  and  is 
ubiquitous  in  animal  tissues. 

B.  Anthropogenic 

Boron  compounds  have  a  variety  of  industrial  uses.  Borax  is  widely 
employed  as  a  cleaning  product  with  soaps  and  detergents,  and  is  an  ingredient 
in  some  cosmetics  (Windholz,  1976).  Boron  is  used  as  a  neutron  absorber  in 
nuclear  chemistry  and  as  a  component  of  alloys  to  harden  other  metals  (Berman, 
1980).  Boric  acid,  borax  and  other  borates  are  variously  employed  in  print- 
ing, dying,  and  photography;  manufacturing  glazes  and  enamels;  weatherproofing 
wood;  soldering  metals;  fireproofing  fabrics;  and  curing  skins  (Berman,  1980). 
Boric  oxide  is  used  in  metallurgy  and  boranes  are  used  in  rocket  propellants 
and  as  catalysts  for  olefin  polymerization. 

Borax  and  boric  acid  are  prior-sanctioned  ingredients  authorized  for  use 
in  the  manufacture  of  paper  and  paperboard  products  used  in  food  packaging  [21 
CFR  181.30]  and  are  also  authorized  as  regulated  indirect  food  additives  when 
these  compounds  are  used  in  packaging  material  in  contact  with  food  [21  CFR 
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175.105,  21  CFR  176.180]  (Office  of  the  Federal  Register,  1980;  Select 
Committee  on  GRAS  Substances,  1980).  Both  borax  and  boric  acid  have  been  used 
as  mild  topical  astringents  and  antiseptics  for  human  and  veterinary  use 
(Windholz,  1976).  Approximately  400  proprietary  preparations  available  in  the 
United  States  contain  boric  acid  (Berman,  1980). 

Boron  is  added  frequently  to  fertilizers  for  plants  with  high  requirements 
for  this  element,  such  as  alfalfa,  apples,  and  certain  root  and  cruciferous 
vegetables  (National  Research  Council,  1980).  Borates,  in  high  concentra- 
tions, have  been  used  as  nonselective  herbicides.  They  may  be  applied  singly, 
with  sodium  chlorate,  or  in  combination  with  organic  herbicides  (where  their 
biostatic  effects  reduce  the  microbial  breakdown  of  the  organic  herbicide) 
(Sprague,  1972). 

III.  ENVIRONMENTAL  FATE 


A.  Chemical  Forms 

Boron  is  the  first,  and  most  electronegative,  of  the  Group  III  elements  of 
the  periodic  table.  Its  chemistry  more  closely  resembles  that  of  carbon  and 
silicon  than  that  of  the  metallic  Group  III  elements  (Sprague,  1972).  The 
electron  structure  of  boron  is  ls^2s^p,  thus,  it  usually  forms  three  bonds  to 
other  elements.  The  vacant  fourth  orbital  permits  the  formation  of  another 
bond  by  accepting  the  donation  of  an  electron  pair  from  another  element 
(Sprague,  1972).  Despite  the  potential  diversity  of  its  chemistry,  naturally- 
occurring  boron  is  limited  to  relatively  few  compounds  because  of  the  great 
stability  of  the  boron-oxygen  bond  (Sprague,  1972). 

Boric  acid  occurs  as  colorless,  odorless,  transparent  crystals  or  a  white 
granular  powder;  is  soluble  in  water,  ethanol ,  and  glycerol;  and  is  volatile 
with  steam  (Windholz,  1976).  Borax  is  found  as  such  or  as  a  component  of 
uxelite,  colemanite,  or  kernite  (Weast,  1983-1984).  In  its  anhydrous  form,  it 
is  a  white  crystalline  substance;  upon  hydration  it  becomes  a  hard  crystalline 
compound.  Borax  is  soluble  in  water  and  glycerol,  but  not  in  alcohol  (Wind- 
holz, 1976).  Borax  is  representative  of  a  large  class  of  inorganic  boron 
compounds,  the  borates.  In  these  compounds,  one  or  more  boron  atoms  are 
linked  to  several  oxygen  atoms  to  form  negatively  charged  borate  ions  which, 
in  turn,  are  associated  with  positively  charged  ions,  primarily  sodium, 
calcium,  or  hydrogen  (Sprague,  1972).  Three  common  borate  salts  which  are 
soluble  in  both  water  and  glycerol  are  sodium  metaborate  (NaB02),  sodium 
perborate  (NaBO2.H2O2.3HoO),  and  sodium  pentaborate  (NaBio°16- IOH2O) .  The 
final  form  of  boron  in  dilute,  natural  water  solutions  (undissociated  boric 
acid  or  negatively  charged  borate  ions)  is  less  dependent  on  the  particular 
boron  compound  than  on  the  concentration  and/or  the  acidity  or  basicity  of  the 
solution  (Sprague,  1972). 

B.  Availability  to  Plants 

The  average  boron  concentration  in  the  soil  is  reported  to  be  about  10  ppm 
with  most  soils  ranging  from  7  to  80  ppm  (Krauskopf,  1972).  However,  higher 
levels  may  occur  (up  to  300  ppm)  depending  on  the  origin,  climate,  rainfall, 
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and  other  factors  (Sprague,  1972).  In  areas  of  cultivation,  part  of  the  boron 
content  of  the  surface  layers  of  soil  is  recycled  boron  from  decayed  plant 
parts  (Sprague,  1972).  Bradford  (1966)  has  delineated  the  types  of  soils  in 
which  boron  deficiency  or  excess  may  occur  as  follows: 

Boron  deficiency 

0  soils  naturally  low  in  boron,  such  as  those  from 
igneous  rocks 

t  naturally  acid  soils,  from  which  boron  has  been 
removed  by  leaching 

0  light  textured,  sandy  soils 

0  acid  peat  and  muck  soils 

0  alkaline  soils,  especially  those  containing  lime 

0  irrigated  soils,  where  the  boron  content  of  the 
water  is  low,  and  where  salt  or  carbonate 
deposition  has  occurred 

0  soils  low  in  organic  matter 

Boron  excess 

0  soils  derived  from  marine  sediments 

0  arid  soils 

0  soils  derived  from  parent  material  rich  in  boron 

0  soils  derived  from  geologically  young  deposits 

Soils  likely  to  be  high  in  boron,  especially  arid  soils,  occur  frequently  in 
the  Western  United  States,  where  irrigation  is  common.  Thus,  controlling  the 
boron  content  of  irrigation  water  may  be  critical  to  avoid  boron  toxicity  in 
sensitive  plants  (Sprague,  1972).  The  background  level  of  boron  in  San 
Joaquin  Valley  soils  is  not  available  (USBR,  1986) 

The  total  boron  content  of  soil  generally  is  not  equivalent  to  the  boron 
available  for  uptake  by  plants.  Boron  is  known  to  be  adsorbed  on  the  surfaces 
of  soil  particles;  the  extent  is  dependent  on  the  type  of  soil  (with  the 
greatest  adsorption  associated  with  fine  particles,  especially  with  iron  and 
aluminum  compounds  on  the  surface)  and  pH  of  the  soil  (with  the  greatest 
adsorption  occurring  at  pH  8.5-9.0)  (Sprague,  1972).  In  most  cases,  the 
amount  of  boron  adsorbed  at  equilibrium  is  greater  than  the  amount  in  soil 
solution,  to  which  plants  respond.  The  adsorbed  boron  acts  as  a  buffer  to 
maintain  more  nearly  constant  concentrations  in  the  soil  solution,  making 
correlation  of  the  boron  content  of  irrigation  water  with  the  boron  content  of 
the  soil  solution  very  difficult  (Sprague,  1972).  The  dominant  form  of 
inorganic  boron  in  soil  solutions  is  thought  to  be  undissociated  boric  acid. 
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Since  pKa=9.2  for  its  first  dissociation  constant,  significant  quantities  of 
borate  ion  will  be  present  only  with  increasing  alkalinity  above  pH  7  (Lonera- 
gan,  1975). 

Plants  readily  take  up  boron  from  the  soil  but  the  process  is  influenced 
by  a  number  of  environmental  factors,  including  the  pH  of  the  soil  solution, 
temperature,  organic  matter  content,  soil  texture,  soil  moisture,  and  light 
intensity  (Katyal  and  Randhawa,  1983;  Sprague,  1972).  The  tolerance  of  plants 
for  boron  and  the  boron  requirement  for  optimal  growth  vary  widely  depending 
upon  the  species  (Eaton,  1944).  The  mechanism  by  which  boron  is  taken  up  and 
distributed  throughout  the  plant  is  not  well  understood.  Because  the  con- 
centration of  boron  in  soil  solution  is  often  lower  than  in  the  root  tissues, 
active  transport  against  a  concentration  gradient,  as  well  as  simple  dif- 
fusion, has  been  proposed  to  contribute  to  boron  uptake  in  plants  (Sprague, 
1972). 

Liming  may  somewhat  reduce  boron  availability  in  soils  (Katyal  and 
Randhawa,  1983),  but  this  decrease  is  probably  related  to  the  need  by  plant 
tissues  for  a  specific  calcium-boron  ratio  (National  Research  Council,  1980). 
The  presence  of  high  calcium  or  potassium  levels  in  soil  can  induce  boron 
deficiency  in  plants;  low  phosphorus  or  high  nitrate  contents  can  also 
increase  the  boron  requirements  of  plants  (Sprague,  1972).  In  culture, 
choloride  ions  have  been  found  to  enhance  boron  toxicity  during  germination  of 
alkali  sacaton  (a  forage  grass)  (Hyder  and  Yasmin,  1975). 

In  addition  to  being  available  to  terrestrial  plants  and  animals,  boron 
salts  in  waste  water  may  also  exert  deleterious  effects  on  the  aquatic 
environment,  such  as  toxicity  to  fish,  water  plants,  algae,  and  microor- 
ganisms. High  doses  have  been  reported  to  be  harmful  to  the  operation  of 
biological  waste  treatment  systems  (i.e.,  activated  sludge  culture)  (Banerji 
et  al.,  1968). 


C.  Mobility 

The  concentration  of  boron  in  plant  tissues  varies  directly  with  the 
concentration  in  soil  solution.  However,  both  the  boron  concentration  in 
leaves  and  the  ratios  of  leaf  to  solution  concentration  were  found  to  vary 
widely  with  the  type  of  plant  and  the  concentration  in  solution  (Eaton,  1944). 
In  trace  boron  solutions,  leaf  to  solution  ratios  as  high  as  5000:1  were 
observed  in  some  plants,  and  most  were  in  the  range  of  400  to  1200;  in  boron 
solutions  ranging  from  5  to  25  ppm,  ratios  were  usually  less  than  200. 

Bradford  (1966)  has  used  the  concentration  of  boron  in  plant  tissues  as  a 
criterion  for  diagnosis  of  deficiency  or  excess  of  the  element  in  plants. 
Boron  deficiency  is  seen  in  a  wide  variety  of  plants  when  vegetative  dry 
matter  concentrations  are  less  than  15  ppm.  Adequate  boron  levels  range  from 
20  to  100  ppm  in  the  dry  matter.  Boron  toxicosis  in  plants  occurs  when  dry 
tissue  concentrations  of  boron  exceed  200  ppm. 

Among  plants,  monocotyledons  generally  contain  less  boron  than  dicotyle- 
dons. Berman  (1980)  has  summarized  findings  on  the  boron  content  of  plant 
foods  and  feeds  (edible  wet  weight  basis)  as  follows:  legumes,  containing 
25-50  ppm,  are  generally  richest  in  the  element;  non-leguminous  fruits  and 
vegetables  contain  5-20  ppm,  while  cereal  grains  and  hay  contain  1-5  ppm;  and 
among  fruits,  avocados  are  highest  in  boron  (7-10  ppm). 

B-4 


Boron  occurs  in  much  higher  concentrations  in  plant  tissues  than  in  animal 
tissues.  Muscle  and  other  soft  tissues  of  the  body  contain  approximately  0.5 
to  1.5  ppm  boron  (dry  weight)  (Berman,  1980;  Underwood,  1977).  [Fruits  and 
vegetables  generally  contain  80-90%  water  on  a  fresh  weight  basis;  fresh 
muscle  tissue  averages  approximately  75%  water,  see  chapters  4,  5,  and  6.] 
Bones  concentrate  boron  and  so  contain  several  times  the  tissue  concentration 
(Berman,  1980;  Underwood,  1977).  Cow's  milk  normally  contains  0.5-1  ppm 
boron,  but  the  level  depends  on  the  boron  intake  (Berman,  1980;  Underwood, 
1977).  Dietary  boron  has  been  shown  to  cross  the  placenta  in  rats  and  to 
increase  the  boron  content  in  chicken  eggs  (Hove  et  al . ,  1939).  Reported 
intakes  of  boron  by  humans  are  diet  dependent,  with  diets  high  in  fruits  and 
vegetables  containing  a  larger  amount  than  diets  high  in  meat  and  low  in 
vegetables  (Berman,  1980). 


IV.  ESSENTIALITY/BIOLOGICAL  FUNCTION 

Boron  has  long  been  recognized  to  be  essential  to  plants  (Sprague,  1972; 
Underwood,  1977).  The  precise  nature  of  the  functioning  of  boron  in  plants  is 
unclear.  Cell  maturation  and  differentiation  in  the  higher  plants  seem  to  be 
boron  dependent  (Katyal  and  Randhawa,  1983).  Boron  has  also  been  suggested  to 
play  a  role  in  the  translocation  of  organic  compounds  within  plants,  to 
influence  the  activities  of  plant  enzymes,  to  alter  nucleic  acid  metabolism, 
and  to  affect  cell  wall  structure  (Jackson  and  Chapman,  1975;  Sprague,  1972). 

Several  investigators  have  tried  to  demonstrate  the  essentiality  of  boron 
for  animals  (Hove  et  al  . ,  1939;  Orent-Keiles,  1941;  Teresi  et  al  . ,  1944)-. 
These  workers  showed  that  rats  receiving  purified  diets  containing  0.15  to 
0.16  ppm  boron  grew  and  reproduced  as  well  as  rats  fed  supplemental  boron.  If 
boron  is  an  essential  element  for  rats,  its  requirement  must  be  lower  than 
0.15  ppm.  In  rats  fed  a  synthetic  diet  containing  0.001  ppm  boron,  hepatic 
RNA  synthesis  was  stimulated  by  an  intraperitoneal  injection  of  20  uM  boron  as 
boric  acid  (Weser,  1967),  suggesting  a  possible  physiologic  function  of  boron 
in  animals. 


V.  TOXICOKINETICS 


A.  Absorption  from  Gastrointestinal  Tract,  Lung,  Skin 

Boron  contained  in  food  or  administered  as  soluble  borate  or  boric  acid  is 
rapidly  and  almost  completely  absorbed  from  the  gastrointestinal  tract 
(Underwood,  1977).  Boron  in  the  form  of  boric  acid  can  be  absorbed  only 
slightly  through  intact  skin  in  rabbits,  rats,  and  humans  (Draize  and  Kelley, 
1959;  Nielsen,  1970;  Pfeiffer  et  al . ,  1945);  the  amounts  absorbed  in  this 
fashion  are  apparently  too  small  to  induce  systemic  toxicosis.  However, 
absorption  through  abraded  or  burned  skin  is  more  efficient  and  toxic  amounts 
may  be  absorbed  through  damaged  skin  (Draize  and  Kelley,  1959;  Pfeiffer  et 
al . ,  1945).   The  absorption  of  boric  acid  and  borax  through  the  lung  is  not 
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well  studied,  but  exposure  via  inhalation  has  been  reported  to  exert  systemic 
effects  (Tarasenko  et  al . ,  1972).  Exposure  via  inhalation  is  an  important 
concern  with  the  boranes  (National  Research  Council,  1980). 

B.  Distribution 

In  an  attempt  to  determine  the  distribution  of  boric  acid  in  tissues, 
Pfeiffer  et  al .  (1945)  administered  2  g/kg  doses  to  three  dogs  and  measured 
boric  acid  content  in  tissues  24  to  72  hours  later.  Brain,  liver,  and  adipose 
tissue,  in  the  order  named,  were  highest  in  boric  acid  content. 

In  nephrectomized  mice  given  large  intravenous  doses  of  borax,  Locksley 
and  Sweet  (1954)  observed  that,  at  equilibrium  distribution,  borate  was 
uniformly  distributed  throughout  the  body  water,  with  an  excess  of  10  to  20% 
bound  in  the  intracellular  compartment.  This  excess  appeared  to  be  more 
tightly  bound  in  brain  than  in  other  tissues. 

In  young  rats  (3  weeks  old),  a  single  intraperitoneal  (i.p.)  dose  of  42 
mg/kg  of  boron  as  sodium  borate  led  to  a  rapid  and  marked  rise  (with  a  maxima 
achieved  within  30  minutes)  in  the  concentration  of  boron  in  liver,  heart,  and 
blood,  but  not  in  brain  (Magour  et  al . ,  1982).  Levels  gradually  declined  to 
control  values  within  4  hours.  The  highest  level  was  seen  in  the  kidney, 
perhaps  because  of  contamination  of  this  organ  with  urine.  In  contrast,  the 
same  treatment  of  older  rats  (3  months  old)  resulted  in  higher  concentrations 
of  boron  in  the  liver,  heart,  and  brain  than  in  the  blood,  indicating  the 
rapid  distribution  of  boron  from  the  blood  into  these  organs.  The  greatest 
increase  in  boron  concentration  was  seen  in  the  kidney.  In  the  more  mature 
rats,  maximum  concentrations  were  achieved  as  rapidly,  but  were  higher  and 
declined  more  slowly  than  in  younger  rats. 

In  another  study,  Magour  et  al .  (1982)  treated  3-week-old  rats  with  100 
ppm  boron  (as  sodium  borate)  in  the  drinking  water  for  21  days  (the  daily  dose 
was  approximately  20  mg/kg  body  weight).  Boron  levels  in  kidney,  liver,  and 
brain  increased  steadily  during  the  first  nine  days  of  treatment  and  declined 
thereafter,  with  concentrations  returning  to  control  values  in  liver  and 
brain.  However,  the  boron  levels  in  blood  continued  to  rise  throughout  the 
experimental  period.  The  highest  concentration  of  boron  was  achieved  in 
kidney. 

A  study  of  rats  by  Hove  et  al .  (1939)  indicated  that  boron,  ingested  in 
the  form  of  boric  acid,  crossed  the  placenta  and  was  taken  up  by  the  fetuses-. 

In  humans,  some  boron  is  laid  down  in  the  skeleton,  but  data  are  minimal 
(Carson  et  al . ,  1986).  Stokinger  (1981)  reported  that  the  mean  boron  content 
of  116  ashed  samples  of  autopsied  bone  from  33  California  residents,  aged  5 
months  to  75  years,  was  61  ppm  bone  ash,  with  a  range  of  16  to  138  ppm.  In 
other  tissues,  Hamilton  et  al .  (1972/1973)  determined  the  following  boron 
concentrations,  in  ug/g  wet  weight:  blood,  0.4;  liver,  0.2;  kidney,  0.6; 
muscle,  0.1;  lung,  0.6;  lymph  node,  0.6;  brain,  0.06;  and  testis,  0.09. 
McNally  and  Rust  (1928)  measured  boric  acid  in  the  tissues  of  six  persons  who 
had  died  of  boric  acid  poisoning  and  found  the  highest  concentrations  in  brain 
and  liver,  0.21  and  0.18%,  respectively. 
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C.  Excretion 

Urinary  excretion  is  the  major  route  for  elimination  of  boron  from  the 
body  (Kent  and  McCance,  1941;  Owen,  1944;  Tipton  et  al . ,  1966).  Approximately 
80  to  100%  of  ingested  boron  may  be  excreted,  unchanged,  by  this  route  (Kent 
and  McCance,  1941).  Small  amounts  may  be  eliminated  through  the  gastrointes- 
tinal tract;  excretion  by  other  routes  is  negligible  (Carson  et  al . ,  1986). 

Hove  et  al .  (1939)  found  that  essentially  all  of  a  50  ug  oral  dose  of 
boron  (as  boric  acid)  was  excreted  by  rats  in  4  days.  In  studies  of  mice 
given  large  intravenous  doses  of  borax  (18  to  700  ug  boron/g  body  weight), 
Locksley  and  Sweet  (1954)  found  that  clearance  from  the  blood  proceeded  with 
an  exponential  half-time  of  approximately  65  minutes. 

VI.  TOXICITY 


A.  Animals 

Studies  designed  to  determine  the  mean  lethal  dose  and  toxic  effects  of 
boron  compounds  have  been  conducted  in  a  variety  of  species  with  various 
routes  of  administration.  The  toxicity  of  borax  and  boric  acid  has  been 
evaluated  by  the  Select  Committee  on  GRAS  Substances  (1980).  In  the  following 
discussion,  more  emphasis  is  placed  on  results  obtained  with  ingestion, 
inhalation,  and  dermal  exposure  than  with  routes  of  administration  involving 
injection  (i.e.,  subcutaneous,  intraperitoneal,  and  intravenous). 

1.  Acute/short-term  exposures 

Pfeiffer  et  al .  (1945)  determined  the  oral  LD50  for  boric  acid  to  be  3.45 
g/kg  in  mice  and  2.66  g/kg  in  rats.  The  toxicity  of  boric  acid  was  enhanced 
by  subcutaneous  and  intravenous  administration.  These  investigators  also 
tested  the  acute  toxicity  of  boric  acid  in  dogs  by  administering  single  oral 
doses  of  0.2,  0.4,  0.8,  1.0,  1.5,  and  2.0  g/kg  to  animals  previously  given  an 
antiemetic  injection  of  morphine.  Half  of  the  dogs  treated  with  2.0  g/kg 
boric  acid  died,  and  the  authors  suggested  that  this  dose  approximated  the 
median  lethal  oral  dose.  Signs  of  intoxication  were  observed  in  most  of  the 
dogs  given  the  two  highest  doses.  These  included  cyanosis  of  mucous  membran- 
es, rigidity  of  the  limbs,  and  convulsions. 

Verbitskaya  (1975)  reported  the  acute  oral  LD50  for  boron  in  the  form  of 
boric  acid  and  borax  to  be  approximately  300  mg/kg  for  rabbits,  guinea  pigs, 
and  dogs,  and  to  range  from  470  to  700  mg/kg  for  mice  and  rats.  They  did  not 
detect  sex  differences  in  sensitivity  to  boron. 

Weir  and  Fisher  (1972)  studied  the  acute  oral  toxicity  of  borax  and  boric 
acid  in  rats  and  dogs.  In  male  Sprague-Dawley  rats,  the  LD50  was  4.50  g/kg 
for  borax  and  3.45  g/kg  for  boric  acid  (0.51  and  0.60  g/kg  boron,  respective- 
ly); in  females  of  the  same  strain  the  LDcq  was  4.98  g/kg  for  borax  and  4.08 
g/kg  for  boric  acid  (0.56  and  0.71  g/kg  boron,  respectively).  The  LD50  in 
male  Long-Evans  rats  was  determined  to  be  6.08  g/kg  for  borax  and  3.16  g/kg 
for  boric  acid  (0.69  and  0.55  g/kg  boron,  respectively).  The  signs  of 
toxicity  were  similar  for  the  two  boron  compounds  and  included  depression, 
ataxia,  and  convulsions  before  death.   In  dogs,  the  acute  per  os  (oral) 
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administration  of  borax  at  doses  ranging  from  1.54  to  6.51  g/kg  and  boric  acid 
at  doses  ranging  from  1.0  to  3.98  g/kg  resulted  in  vomiting  within  the  first 
hour  by  almost  all  animals,  except  for  a  few  at  the  lowest  dose.  The  severity 
of  this  response  varied  with  the  dose.  None  of  the  treated  dogs  died  during 
the  14-day  period  following  administration  of  the  boron  compounds. 

The  acute  per  os  LD50  for  borax  in  rats  was  found  to  be  3.48  g/kg  (396 
mg/kg  boron)  by  Wang  (1984).  Boron  poisoning  was  reported  to  have  deleterious 
effects  on  the  central  nervous  system,  the  digestive  tract,  and  the  skin. 

Draize  and  Kelley  (1959)  administered  four  daily  oral  doses  of  aqueous 
solutions  of  boric  acid  to  rabbits  at  doses  ranging  from  100  to  1000  mg/kg. 
Under  these  conditions,  the  LDi go  f°r  D°nc  acid  was  850  mg/kg.  Four  daily 
oral  doses  of  800  mg/kg  caused  no  deaths,  but  produced  severe  symptoms  of 
toxicity  including  anorexia,  weight  loss,  and  diarrhea.  At  dose  levels  of  600 
and  700  mg/kg,  minor  signs  of  toxicity  were  noted. 

Other  investigations  of  the  effects  of  boron  compounds  have  been  conducted 
for  durations  of  up  to  six  months.  One  of  the  earliest  of  these  was  the  study 
reported  by  Pfeiffer  et  al .  (1945)  in  which  five  groups  of  20-24  "immature" 
rats  were  given  various  levels  of  boric  acid  in  drinking  water.  Concentra- 
tions of  0.25%  and  higher  produced  growth  inhibition  after  20  to  30  days,  but 
did  not  produce  changes  in  blood  counts  or  evidence  of  gross  or  microscopic 
pathologic  lesions. 

Three-month-old  male  rats,  five  per  group,  were  given  daily  per  os  doses 
of  aqueous  solutions  of  borax  or  boric  acid  (1  g/kg  body  weight)  for  3  weeks 
by  Dani  et  al .  (1971).  Treatment  with  both  boron  compounds  led  to  growth 
depression.  The  RNA  content  (ug/mg  of  wet  tissue)  of  liver,  brain,  and  kidney 
was  higher  in  animals  treated  with  boric  acid  and  borax  than  in  control 
animals.  The  DNA  content  was  similarly  elevated  in  the  brain  and  kidney  of 
both  treated  groups,  but  the  DNA  content  of  liver  was  decreased  50%  by 
administration  of  boron.  Protein  and  nitrogen  contents  of  brain,  liver,  and 
kidney  were  elevated  in  some  cases  and  decreased  in  others. 

Stimulation  of  RNA  synthesis  by  boric  acid  in  livers  of  male  rats  was 
determined  by  measurement  of  6-^C-labeled  orotic  acid  incorporation  into  RNA 
(Weser,  1967).  Liver  RNA  synthesis  was  markedly  increased  by  intraperitoneal 
injection  of  boric  acid,  whereas  stimulation  was  less  marked  when  rats  were 
fed  a  diet  containing  1  ppm  boron  (as  boric  acid)  for  6  weeks.  DNA  synthesis, 
measured  by  incorporation  of  6-^H-thymidine,  was  not  affected  by  either  route 
of  boric  acid  administration. 

Weir  and  Fisher  (1972)  studied  the  effects  of  various  dietary  levels  of 
boric  acid  and  borax  in  young  Sprague-Dawley  rats  (81-119  g)  for  90  days  (10 
males  and  10  females  per  group).  Dietary  concentrations  fed  were  52.5,  175, 
525,  1750,  and  5250  ppm  boron,  added  to  a  commercial  ration.  Rats  fed  1750 
and  5250  ppm  of  boron  as  borax  or  boric  acid  had  a  rapid  respiration,  inflamed 
eyes,  swollen  paws,  and  desquamated  skin  on  the  paws  and  tails,  and  the  males 
had  atrophied  scrotums  during  the  last  weeks  of  the  study.  The  appearance  of 
animals  consuming  lower  levels  of  boron  was  comparable  to  that  of  controls. 
At  5250  ppm  boron,  both  borax  and  boric  acid  resulted  in  the  deaths  of  all 
animals  within  3  to  6  weeks.  Growth  and  feed  efficiency  were  significantly 
reduced  for  males  fed  borax  at  1750  ppm  boron  and  for  both  males  and  females 
at  5250  ppm  boron.  At  the  1750  ppm  boron  level,  boric  acid  reduced  growth  and 
food  consumption  in  both  males  and  females.  Organ  to  brain  weight  ratios 
(taken  as  an  index  of  organ  damage)  were  not  affected  in  rats  fed  525  ppm 
boron  or  less.   However,  the  organ/brain  weight  ratios  decreased  uniformly  in 
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both  males  and  females  fed  1750  ppm  boron  as  either  borax  or  boric  acid. 
Complete  testicular  atrophy  was  detected  in  all  males  fed  1750  ppm  boron  as 
either  borax  or  boric  acid,  and  partial  atrophy  was  seen  in  four  males  fed  525 
ppm  as  borax  and  in  one  male  fed  525  ppm  as  boric  acid.  Necropsies  of  the 
animals  that  died  showed  congestion  of  liver  and  kidneys,  bright  red  lungs, 
and  in  several  animals  a  swollen  brain,  small  gonads,  and  a  thickened  pan- 
creas. 

Weir  and  Fisher  (1972)  also  fed  diets  containing  borax  or  boric  acid 
(17.5,  175,  or  1750  ppm  boron)  to  male  and  female  beagle  dogs  (five  per  group) 
for  90  days.  With  one  exception  (a  male  that  died  of  diarrhea)  all  dogs  were 
essentially  normal  in  appearance,  behavior,  elimination,  body  weight,  and  food 
consumption.  Hematologic,  biochemical,  and  urine  values  were  within  normal 
limits,  except  for  decreased  hemoglobin  and  packed  cell  volume  in  five  animals 
fed  the  highest  level  of  borax  (1750  ppm  boron).  Increases  in  brain/body 
weight  ratio  and  liver/body  weight  ratio  occurred  in  dogs  fed  borax  and  boric 
acid,  respectively,  at  the  1750  ppm  boron  level.  At  the  same  level,  both 
borax  and  boric  acid  caused  significant  decreases  in  thyroid  and  testes/body 
weight  ratios.  No  histologic  alterations  were  seen  in  animals  fed  175  ppm 
boron  or  less.  Both  borax  and  boric  acid  at  the  1750  ppm  level  produced 
severe  testicular  atrophy,  with  degeneration  of  the  spermatogenic  epithelium, 
in  all  male  dogs.  Evidence  of  red  blood  cell  destruction  (hemosiderin  in 
reticular  cells  of  liver  and  spleen  and  in  the  proximal  tubules  of  the  kidney) 
was  somewhat  greater  in  the  dogs  fed  borax  than  in  those  fed  boric  acid. 

Dixon  et  al .  (1976)  evaluated  the  effects  of  boron  on  the  reproductive 
system  of  male  rats.  In  subchronic  studies,  treatment  groups  were  allowed 
free  access  to  drinking  water  containing  borax,  at  boron  concentrations  of 
0.3,  1.0,  or  6.0  mg/L  for  periods  up  to  90  days.  Plasma  levels  of  follicle- 
stimulating  hormone  (FSH)  and  luteinizing  hormone  (LH)  were  not  altered  by 
consumption  of  borax.  This  study  also  failed  to  reveal  any  reproductive 
effects  or  biologically  significant  change  in  clinical  serum  chemistry  or 
weight  of  the  body,  testis,  prostate,  or  seminal  vesicles.  Fructose  and  zinc 
levels  and  acid  phosphatase  activity  were  unaltered  by  the  levels  of  boron 
used  in  this  study.  Forced  breeding  studies  did  not  reveal  any  effects  of 
boron  treatment  on  male  fertility. 

Seal  and  Weeth  (1980)  studied  the  effects  of  boron  in  drinking  water  on 
weanling  Long-Evans  hooded  male  rats.  Fifteen  animals  per  treatment  were 
offered  deionized  drinking  water,  ad  lib,  to  which  0,  150,  and  300  mg  boron 
per  liter  were  added  as  borax  for  70  days.  The  rats  consumed  a  commercial 
laboratory  ration  which  contained  54  ppm  boron.  Rats  that  consumed  drinking 
water  containing  150  and  300  ppm  boron  had  body  weights  7.8  and  19.8%  less 
than  the  control  group.  No  differences  among  treatment  were  observed  in  the 
mean  covariance-adjusted  weights  of  kidneys,  liver,  or  adrenals.  The  testes, 
seminal  vesicle,  spleen,  and  right  femur  weights  were  significantly  lower  with 
boron-containing  water.  At  the  highest  level,  boron  supplementation  also 
interfered  with  spermatogenesis.  Plasma  triglyceride  concentrations  were 
depressed  in  both  boron-treated  groups.  In  the  rats  consuming  300  ppm  boron 
in  water,  plasma  alkaline  phosphatase  activity,  total  protein  level,  osmotic 
pressure,  and  hematocrit  were  all  reduced. 

The  responses  of  heifers  to  tap  water  alone  (0.8  ppm  boron)  or  containing 
150  or  300  ppm  boron  added  as  boric  acid  were  studied  by  Green  and  Weeth 
(1977).  Twelve  Hereford  heifers  were  used  in  a  3x3  latin-square  design  with 
four  squares,  for  periods  of  30  days.   The  hay  consumed  by  the  animals 
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contained  38.3  ppm  boron.  At  150  and  300  ppm  boron  in  drinking  water,  hay 
consumption  decreased  and  weight  loss  was  noted.  Both  levels  of  boron 
supplementation  produced  a  significant  decrease  in  hematocrit  and  in  plasma 
phosphate.  The  plasma  boron  concentrations  were  0.53,  11.2,  and  18.9  mg/L  in 
animals  consuming  0,  150,  and  300  ppm  added  boron,  respectively.  Urinary 
excretion  accounted  for  30,  67,  and  69%  of  the  total  daily  boron  intake  on  the 
three  respective  treatments.  Urinary  excretion  of  phosphorus  was  also 
increased  by  consumption  of  added  boron. 

2.  Chronic  exposure 

Weir  and  Fisher  (1972)  conducted  chronic  oral  toxicity  trials  of  borax  and 
boric  acid  in  rats.  The  control  group  of  70  male  and  70  female  weanling 
Sprague-Dawley  rats  received  the  basal  diet.  The  test  groups  of  35  males  and 
35  females  each  received  the  basal  diet  with  added  borax  or  boric  acid  at  117, 
350,  and  1170  ppm  boron  for  2  years.  The  appearance  and  behavior  of  rats  fed 
borax  and  boric  acid  at  117  and  350  ppm  boron  did  not  differ  from  controls, 
nor  did  hematologic  variables  and  organ  histology.  The  following  signs  of 
toxicity  were  observed  among  rats  fed  the  highest  concentration  of  boron 
compounds  (1170  ppm  boron):  coarse  hair,  scaly  tails,  hunched  position, 
swelling  and  desquamation  of  the  pads  of  the  paws,  abnormally  long  toenails, 
shrunken  scrotums,  inflamed  eyelids,  and  bloody  discharge  from  the  eyes.  At 
1170  ppm  boron,  both  compounds  resulted  in  decreased  food  consumption  and 
suppressed  growth;  borax  resulted  in  low  packed  cell  volumes  in  males  and 
females  and  boric  acid  resulted  in  low  values  in  females.  Atrophic  testes 
were  found  in  male  rats  fed  either  borax  or  boric  acid  at  1170  ppm  boron 
equivalent  at  6,  12,  and  24  months.  The  testes  weights  and  testes/body 
weights  were  significantly  lower,  whereas  the  brain  and  thyroid/body  weight 
ratios  were  significantly  higher  than  in  controls. 

Weir  and  Fisher  (1972)  also  examined  the  oral  toxicity  of  borax  and  boric 
acid  in  a  chronic  study  of  dogs.  The  control  group  of  four  male  and  four 
female  young  beagles  received  the  basal  diet.  The  test  groups  of  four  male 
and  four  female  dogs  received  the  diet  with  borax  or  boric  acid  added  at 
levels  of  58,  117,  350  ppm  boron  equivalent  for  2  years.  An  additional  test 
group  received  borax  and  boric  acid  in  the  diet  at  1170  ppm  boron  for  38 
weeks.  At  58,  117,  and  350  ppm  boron,  neither  borax  nor  boric  acid  had 
appreciable  effects  on  appearance,  behavior,  food  consumption,  body  weight, 
organ  weights,  or  organ/body  weight  ratios.  Borax-fed  dogs  had  hematologic 
and  biochemical  values  within  normal  limits.  Ingestion  of  borax  and  boric 
acid  at  1170  ppm  boron  did  not  produce  any  adverse  effects  except  testicular 
degeneration. 

Random-bred  white  male  rats  were  given  boric  acid  in  drinking  water  at 
boron  concentrations  of  0,  0.3,  1.0,  and  6.0  mg/L  (0,  0.015,  0.05,  and  0.3 
mg/kg  body  weight,  respectively)  for  6  months  (Krasovskii  et  al . ,  1976). 
Boron  consumption  in  0.3  mg/kg  doses  produced  increased  blood  aldolase  levels, 
reduction  in  the  relative  weight  of  the  gonads,  decreased  spermatozoa  mobili- 
ty, and  other  manifestations  of  a  gonadotropic  effect.  At  the  two  highest 
boron  concentrations,  a  decrease  in  the  lactic  acid  content  of  liver  and  a 
tendency  towards  a  drop  in  liver  glycogen  were  observed. 

In  a  life-time  study  of  random-bred  white  Swiss  male  and  female  mice 
(Charles  River  CD  strain)  given  drinking  water  containing  5  ppm  of  boron  as 
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sodium  metaborate,  Schroeder  and  Mitchener  (1975)  found  no  differences  in 
growth,  mortality,  or  survival  between  boron  treated  and  control  animals. 

B.  Human 

1.  Acute/short-term  exposures 

A  plethora  of  reports  have  appeared  in  the  literature  describing  fatal  and 
nonfatal  poisonings  with  boric  acid  and  other  boron  compounds,  with  a  large 
number  of  these  cases  occurring  in  children.  A  frequent  source  of  boric  acid 
in  fatal  poisoning  in  infants  has  been  baby  powder  containing  this  ingredient 
(as  an  antiseptic),  applied  to  denuded  skin  (Abramson,  1949;  Brooke,  1954; 
Fellows  et  al . ,  1948;  Hallett,  1955;  Rosen  and  Haggerty,  1956;  Skipworth  et 
al.,  1967;  Valdes-Dapena  and  Arey,  1962;  Watson,  1945).  Other  routes  of 
exposure  for  children  have  been  accidental  substitution  of  boric  acid  for 
ingredients  in  infant  formula  (Rubenstein  and  Musher,  1970)  and  feeding 
mixtures  of  honey  and  borax  (Gordon  et  al . ,  1973).  In  adults,  short-term 
treatment  of  burns  with  boric  acid  ointment  (Baker  and  Wilson,  1963;  Pfeiffer 
et  al . ,  1945)  and  accidental  ingestion  of  boric  acid  have  been  common  sources 
of  poisoning. 

Signs  and  symptoms  arising  from  the  ingestion  or  dermal  absorption  of 
boric  acid  include  nausea,  vomiting,  diarrhea,  abdominal  cramps,  and  erythema- 
tous lesions  on  skin  and  mucous  membranes.  With  higher  doses  circulatory 
collapse,  tachycardia,  cyanosis,  delirium,  convulsions,  and  coma  may  occur 
(Stokinger,  1981;  Valdes-Dapena  and  Arey,  1962).  The  lowest  oral  lethal  dose 
for  humans  has  been  reported  to  be  640  mg/kg,  and  the  lowest  lethal  dose  by 
the  skin,  8600  mg/kg  (Stokinger,  1981). 

Fisher  (1951)  and  Valdes-Dapena  and  Arey  (1962)  reported  intracytopl  asmic 
inclusions  in  the  pancreas  of  infants  who  died  of  boric  acid  poisoning. 
However,  Sanusi  et  al .  (1975)  have  questioned  the  value  of  this  finding  as  a 
diagnostic  lesion. 

Experience  with  the  rapid  administration  of  large  intravenous  doses  of 
borax  has  been  obtained  with  patients  undergoing  neutron  capture  therapy  for 
brain  tumors.  Locksley  and  Farr  (1955)  studied  ten  patients  who  received  one 
to  four  injections  of  14  to  20  g  borax  (1.5  to  2.0  g  boron),  at  intervals  of  2 
weeks  to  3  months.  Within  2  minutes  after  administration,  nausea  and  emesis 
occurred,  and  urgent  defecation  and  micturition  frequently  were  experienced. 
Abnormalities  in  electrocardiograms  that  persisted  for  several  days  were  also 
observed  in  seven  patients  given  19  to  27  g  borax  (32  to  50  mg  boron/kg  body 
weight)  by  Conn  et  al .  (1955). 

2.  Chronic  exposure 

Very  few  studies  of  toxicity  due  to  chronic  exposure  to  boron  compounds 
have  been  conducted.  Tarasenko  (1972)  used  a  questionnaire  to  assess  sexual 
function  in  30  to  40-year-old  men  who  had  experienced  10  or  more  years  of  in- 
dustrial exposure  (mainly  via  inhalation)  to  boric  acid.  Compared  to  a 
control  group  of  the  same  age  without  exposure  to  boric  acid,  the  exposed 
workers  reported  "lowering  of  sexual  activity  and  a  general  level  of  sexual 
disruption."   Despite  some  differences  in  the  number  and  function  of  sper- 
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matozoa,  the  number  of  pregnancies  among  the  wives  of  the  workers  did  not 
differ  from  the  wives  of  the  control  subjects. 

Krasovskii  et  al .  (1976)  compared  sexual  function  (by  means  of  a  question- 
naire) in  two  groups  of  men  exposed  to  differing  concentrations  of  boron  in 
drinking  water  and  reported  a  reduction  in  function  in  those  exposed  to  a 
level  of  0.3  mg/kg  boron  compared  to  a  control  group. 

Two  cases  of  toxic  alopecia  resulting  from  chronic  exposure  to  boron 
compounds  have  been  reported.  One  occurred  in  a  subject  exposed  (via  inhala- 
tion and  dermal  contact)  nearly  daily  for  6  years  to  a  washing  powder  contain- 
ing borax  (Tan,  1970).  The  other  case  involved  a  subject  who  had  chronically 
ingested  large  quantities  of  mouthwashes  containing  boric  acid  (Stein  et  al  . , 
1973). 

C.  Mutagenicity 

Demerec  et  al .  (1951)  showed  that  boric  acid,  at  concentrations  of  1.8  to 
4.0%,  was  capable  of  inducing  back-mutations  in  Sd-4  (streptomycin-dependent) 
Escherichia  col i .  Using  two  modifications  of  this  procedure,  Iyer  and 
Szybalski  (1958),  however,  failed  to  demonstrate  any  mutagenic  activity  for 
boric  acid. 


D.  Carcinogenicity 

An  increase  in  tumor  production  was  not  seen  in  a  life-time  study  of 
random-bred  white  Swiss  male  and  female  mice  (Charles  River  CD  strain)  given 
drinking  water  containing  5  ppm  of  boron  as  sodium  metaborate  (Schroeder  and 
Mitchener,  1975). 

E.  Reproductive  Toxicity 

Tarasenko  et  al .  (1972)  studied  the  effects  of  inhalation  of  boric  acid 
aerosol  on  the  reproductive  function  of  male  rats.  Two  test  groups  of  12 
animals  each  were  exposed  to  boric  acid  aerosol  at  concentrations  of  9.6  +  0.5 
mg/nr  or  48.6  +  1.46  mg/nr  for  daily  4-hour  periods  of  exposure  over  the 
course  of  4  months.  Following  the  exposure,  six  animals  from  each  of  the  test 
groups  and  the  control  group  were  mated  with  healthy  females.  A  complete  loss 
of  male  fertility  was  observed  in  both  test  groups,  as  evidenced  by  failure  to 
detect  any  spermatozoa  in  vaginal  smears.  Boric  acid  aerosol  at  the  lower 
concentration  caused  testicular  atrophy  and  markedly  reduced  spermatozoa 
number  and  mobility.  At  the  higher  concentration,  male  rats  produced  only 
isolated  spermatozoa.  Animals  exposed  to  the  higher  concentration  of  boric 
acid  aerosol  also  showed  a  persistent  reduction  in  body  weight. 

The  reproductive  performance  of  male  rats  fed  borax  in  diets  containing 
500,  1000,  or  2000  ppm  boron  was  studied  by  Lee  et  al .  (1978)  and  Dixon  et  al . 
(1979)  for  periods  of  30  or  60  days.  Adverse  effects  were  not  observed  with 
500  ppm  boron.  Animals  fed  diets  containing  1000  or  2000  ppm  boron  had  fewer 
germinal  cells  and  decreased  diameters  of  seminiferous  tubules,  but  most  of 
the  Leydig  and  Sertoli  cells  appeared  normal.   The  testicular  atrophy  was 
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associated  with  decreases  in  the  specific  activities  of  testicular  hyaluroni- 
dase,  dehydrogenases  of  sorbitol,  and  lactate  dehydrogenase  isoenzyme-X. 
Plasma  testosterone  levels  were  unchanged,  but  plasma  FSH  and  LH  levels  were 
increased.  The  observed  abnormalities  were  more  severe  as  the  level  of  boron 
consumed  and  the  period  of  exposure  increased.  Males  consuming  1000  ppm  boron 
for  30  and  60  days  had  markedly  reduced  fertility  rates  for  3  and  4  weeks, 
respectively,  after  termination  of  boron  treatment.  Consumption  of  2000  ppm 
boron  for  30  days  led  to  significantly  reduced  fertility  for  8  weeks; 
infertility  was  only  partially  reversed  thereafter.  Consumption  of  the  same 
diet  for  60  days  produced  complete  infertility  which  was  not  reversed  for  at 
least  32  weeks  after  the  cessation  of  boron  treatment.  Mating  behavior  was 
normal.  When  pregnancy  occurred,  boron  treatment  did  not  affect  litter  size. 
These  results  suggested  that  boron-induced  infertility  was  caused  by  germinal 
aplasia  rather  than  a  dominant  lethal  effect.  Testicular  concentrations  of  6 
to  8  ppm  boron  appeared  to  be  toxic  to  spermatogenic  cells. 

Many  studies  of  the  teratogenic  effects  of  boric  acid  on  the  chick  embryo 
have  been  conducted,  although  their  relevance  to  mammalian  systems  is  not 
known  (Select  Committee  on  GRAS  Substances,  1980).  Landauer  (1952,  1954) 
injected  2.5  mg  of  boric  acid  into  yolk  sacs  of  chick  embryos  24  hours  after 
fertilization  or  1.0,  2.5,  or  2.5  mg  boric  acid  at  96  hours.  Injection  of 
boric  acid  at  24  hours  of  incubation  gave  rise  to  rumplessness;  injection  at 
96  hours  caused  decreased  body  size,  shortening  of  the  lower  beak,  facial 
coloboma,  and  cleft  palate  in  13-day  embryos.  The  incidence  of  abnormalities 
and  mortality  increased  with  increasing  dose  of  boric  acid.  Hatched  chicks 
that  had  been  treated  with  boric  acid  at  96  hours  incubation  frequently 
displayed  "curled  toe  paralysis,"  a  disorder  associated  with  inadequate 
riboflavin  during  embryonic  development.  Administration  of  riboflavin  with 
boric  acid  reduced  the  incidence  of  abnormalities  in  chick  embryos  (Landauer 
and  Clark,  1964).  Simultaneous  administration  of  substances  that  form 
complexes  with  boric  acid  (D-ribose,  D-sorbitol  hydrate,  or  pyridoxine 
hydrochloride)  also  reduced  mortality  and  the  incidence  of  abnormalities  in 
chick  embryos  treated  with  boric  acid  (Landauer,  1953). 

Goldie  and  Stierholz  (1964)  found  that  treatment  with  2.5  mg  of  boric  acid 
at  24  hours  affected  the  development  of  neural  tube,  notocord,  and  tailgut  in 
3-day  embryos.  The  same  histological  effects  were  also  seen  with  smaller 
doses  (200  ug)  given  at  28  hours.  Other  adverse  effects  of  boric  acid 
detected  in  chick  embryos  included  delayed  erythrocyte  maturation  (Sherman  and 
Fox,  1955),  depressed  hemoglobin  and  hematocrit  values  (Rosky  et  al . ,  1957), 
and  paleness,  edema,  and  retardation  of  feather  growth  (Ridgway  and  Karnofsky, 
1952).  The  latter  investigators  also  determined  the  LD50  for  boric  acid 
administered  by  the  yolk  sac  route  to  be  5  mg/egg  at  4  days  and  7  mg/egg  at  8 
days  incubation.  By  the  chorioallantoic  membrane  route,  the  LD50  was  5  mg/egg 
at  8  days  incubation. 

In  a  three-generation  reproduction  study  of  rats,  Weir  and  Fisher  (1972) 
found  that  borax  or  boric  acid  fed  in  the  diet  at  levels  of  117  or  350  ppm 
boron  did  not  produce  adverse  effects  on  litter  size,  live  births,  or  weight 
of  progeny  and  did  not  cause  gross  abnormalities  in  organs.  Consumption  of  a 
higher  level  of  the  two  compounds  (1170  ppm  boron  equivalent)  rendered  the 
animals  sterile. 
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F.  Mechanism  of  Toxicity 

The  mechanism  of  toxicity  of  boron  has  not  been  clearly  established. 
Boric  acid  can  form  complexes  with  compounds  such  as  glucose,  riboflavin,  and 
ascorbic  acid  (Zittle,  1951),  and  borate  can  react  with  the  ribose  moiety  of 
nicotinamide  adenine  dinucleotide  (NAD)  and  nicotinamide  mononucleotide  (NMN) 
(Johnson  and  Smith,  1976).  Weser  (1966)  showed  that  excess  borate  at  pH 
7.0-8.5  could  react  with  epinephrine  and  inhibit  the  epinephrine-induced 
activation  of  dephosphoryl ase  in  perfused  liver  of  dogs.  Roe  et  al .  (1972) 
has  suggested  that  one  of  the  mechanisms  of  toxicity  of  boron  may  be  the 
formation  of  complexes  with  riboflavin.  They  found  that  the  growth  depression 
induced  by  a  riboflavin-deficient  diet  in  rats  and  guinea  pigs  was  exacerbated 
by  the  inclusion  of  1%  boric  acid  in  the  diet,  and  that  dietary  boric  acid 
increased  the  excretion  of  riboflavin  in  rats.  Pinto  et  al .  (1978)  found  a 
relatively  high  level  of  riboflavin  in  the  urine  of  persons  who  had  acciden- 
tally or  purposely  ingested  boric  acid  or  commercial  borax  products. 

In  vitro,  boric  acid  and  borates  have  been  observed  to  inhibit  the 
activity  of  a  wide  variety  of  enzymes,  including  riboflavin-dependent  xanthine 
oxidase  (Roush  and  Norris,  1950),  glucose-6-phosphatase  and  phosphohexose 
isomerase  (Ganguli  et  al . ,  1963),  glyceraldehyde  phosphate  dehydrogenase 
(Kaneshima  et  al . ,  1968;  Misawa  et  al. ,  1966),  and  alkaline  phosphatase 
(Zittle  and  Delia  Monica,  1950). 

G.  Interactions  with  Other  Substances  Affecting  Toxicity 

The  effect  of  glucose  on  borate  toxicity  has  been  investigated.  Easterday 
and  Farr  (1961)  gave  mice  intravenous  doses  of  a  normally  toxic  amount  of 
borax  with  varied  concentrations  of  glucose  and  found  that  increased  glucose 
diminished  the  toxicity  of  borax.  Glucose  also  decreased  the  toxicity  of 
sodium  pentaborate  and  sodium  tetraborate  administered  intravenously  or 
intraperitoneal ly  (Easterday  and  Hamel ,  1963). 

Administration  of  excess  riboflavin  to  chicks  fed  boric  acid  mitigated  the 
signs  of  boron  toxicity  (Roe  et  al . ,  1972). 


VII.  TREATMENT 


Removal  from  exposure  is  an  important  element  of  treatment  for  boron 
intoxication.  A  specific  antidote  for  poisoning  by  the  common  boron  compounds 
found  in  nature  has  not  been  identified.  In  cases  of  acute  poisoning,  efforts 
should  be  directed  toward  combating  shock  and  promoting  the  excretion  of 
boron. 


VIII.  TYPICAL  EXPOSURE  LIMITS/BODY  BURDEN/TOXIC  LIMITS 

As  an  essential  nutrient  for  plants  boron  is  ubiquitous  and,  thus,  is 
widely  distributed  in  foods.  Average  drinking  water  concentrations  are 
reported  to  be  0.114  ppm  (Carson  et  al . ,  1986).   A  representative  U.S.  diet 
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for  adults  providing  4200  kcal  was  calculated  to  contain  approximately  3  mg  of 
boron  per  day  (Zook  and  Lehmann,  1965),  although  estimated  boron  intakes  of 
adult  humans  around  the  world  were  reported  to  vary  from  0.3  to  41.0  mg  due  to 
geographic  differences  (Schlettwein-Gsell  and  Mommsen-Straub,  1973).  Other 
estimates  of  daily  boron  intake  range  from  10  to  20  mg/day  (Kent  and  McCance, 
1941). 

The  body  burden  of  a  70-kg  reference  man  is  estimated  to  be  200  mg  boron 
with  140  mg  in  soft  tissues  (Snyder  et  al . ,  1975).  Boron  is  distributed 
throughout  the  tissues  and  organs  at  concentrations  mostly  between  0.5  and  1.0 
ppm  dry  basis  in  the  soft  tissues  and  several  times  these  levels  in  the  bone 
(Underwood,  1977). 

Safe  levels  for  dietary  intake  of  boron  by  humans  have  not  been  recom- 
mended. The  National  Research  Council  (1980)  reported  that  the  U.S.  Depart- 
ment of  Interior  in  1971  established  an  upper  limit  of  1  ppm  for  boron  in 
public  water  supplies  and  that  the  Environmental  Protection  Agency  in  1973 
proposed  5  ppm  boron  as  the  allowable  maximum  in  water  for  livestock.  The 
National  Research  Council  (1980)  also  suggested  that  150  ppm  boron  in  the  dry 
diet  of  cattle  was  the  maximum  tolerable  level,  and  one  which  might  be 
extrapolated  to  other  species.  Sittig  (1985)  reported  that  the  Environmental 
Protection  Agency  in  1976  established  a  criterion  for  boron  of  750  ppb  for 
long-term  irrigation  of  sensitive  crops  and  more  recently  suggested  an  ambient 
water  limit  of  43  ppb  (USEPA,  1977).  Gosselin  et  al .  (1985)  noted  that  a 
lethal  dose  of  boric  acid  for  humans  might  be  less  than  1  g/kg.  Sax  (1984) 
reported  the  fatal  dose  of  orally  ingested  boric  acid  to  be  15  to  20  g  for 
adults  and  5  to  6  g  for  infants,  i.e.,  200  mg/kg. 

IX.  INDICATORS  OF  EXCESSIVE  ACCUMULATION 


A.   Index 

Little  attention  has  been  given  to  developing  an  index  to  monitor  boron 
accumulation.  However,  with  excess  ingestion  or  absorption  of  boron,  cir- 
culating levels  and  excretion  through  the  kidneys  are  known  to  increase. 
Therefore,  blood  and  urine  would  seem  to  be  useful  samples  to  assay  to  assess 
boron  status.  The  study  of  Weeth  et  al .  (1981)  indicated  that  the  boron 
status  of  cattle  could  be  predicted  from  the  boron  content  of  plasma  and 
urine. 


B.  Method 

Berman  (1980)  has  reviewed  methods  for  the  determination  of  boron. 
Tumeric  yellow  or  curcumin  is  the  classical  reagent  for  the  colorimetric 
detection  of  boron.  This  qualitative  method  was  adapted  for  spectrophoto- 
metry determination  of  boron  extracted  from  animal  tissue  by  Mair  and  Day 
(1972)  and  permitted  detection  of  boron  in  the  range  2  to  20  ng/ml .  Boric 
acid  forms  fluorescent  compounds  with  various  reagents,  and  this  property  has 
been  used  as  the  basis  for  several  boron  assays.  Boron  in  water  has  been 
measured  by  proton  activation  analysis  (Bankert  et  al . ,  1973)  and  atomic 
emission  spectroscopy  (Pierce  and  Brown,  1976).   Stokinger  (1981)  recommended 
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a  spectrographs  procedure  for  the  determination  of  boron  in  biological 
samples. 

C.  Basis  for  Interpretative  Criteria 

Standards  for  the  interpretation  of  blood  and  urine  levels  of  boron  have 
not  been  established.  Stokinger  (1981)  has  reported  the  median  boron  con- 
centration in  blood  to  be  9.76  ug/100  ml,  with  a  range  of  3.90  to  36.50,  and 
the  median  concentration  in  urine  to  be  720  ug/L,  with  a  range  of  40  to  6600. 
These  values  were  derived  from  a  study  of  300  men  employed  in  various  in- 
dustries throughout  the  continental  United  States.  In  one  subject  who 
experienced  toxicity  caused  by  chronic  ingestion  of  excess  boric  acid,  the 
blood  boron  level  was  found  to  be  0.3  mg/100  ml  (Stein  et  al . ,  1973). 
However,  in  two  children  who  drank  a  large  quantity  of  boric  acid  without 
evidence  of  toxicity,  blood  levels  of  7.44  and  7.89  mg/100  ml  were  reported 
(Fisher  and  Freimuth,  1958). 

D.  Quality  Control/Quality  Assurance 

In  addition  to  the  precautions  required  for  the  appropriate  analysis  of 
all  trace  elements,  a  special  concern  in  the  analysis  of  boron  is  the  need  to 
avoid  contact  of  the  samples  with  borosilicate  glass.  Green  et  al  .  (1976) 
have  shown  that  although  water  solutions  did  not  seem  to  extract  boron  from 
the  glass,  solutions  of  0.1M  hydrochloric  acid  and  0.1M  sodium  hydroxide 
extracted  0.03  and  0.08  ug/ml  of  boron,  respectively,  within  24  hours.  A 
solution  of  1M  sodium  hydroxide  extracted  0.03  ug/ml  within  5  minutes. 

X.  SPECIAL  CONSIDERATIONS 


Recent  studies  have  indicated  that  boron  can  affect  major  mineral  metabol- 
ism and  that  boron  might  be  an  important  nutritional  determinant  of  the 
incidence  of  osteoporosis.  Nielsen  et  al .  (1987)  conducted  a  metabolic  ward 
study  of  dietary  boron  in  12  postmenopausal  women  aged  48  to  82  years.  The 
women  consumed  a  diet  of  ordinary  foods  with  a  low  boron  content  (0.25  mg/d) 
for  119  days.  Thereafter,  the  women  participated  in  two  additional  24-day 
dietary  periods  during  which  the  basal  diet  was  supplemented  with  boron  (3 
mg/d)  as  sodium  borate,  in  divided  doses  with  meals.  The  consumption  of 
magnesium  and  aluminum  was  also  varied.  Boron  supplementation  markedly 
reduced  the  urinary  excretion  of  calcium  and  magnesium;  this  effect  was  more 
pronounced  when  the  women  were  consuming  the  low-magnesium  diet  than  the 
adequate-magnesium  diet.  The  urinary  excretion  of  phosphorus  was  depressed  by 
boron  supplementation  when  the  women  consumed  the  low-magnesium,  but  not  the 
adequate-magnesium,  diet.  Boron  supplementation  also  produced  significant 
elevations  in  the  serum  concentrations  of  17B-estradiol  and  testosterone, 
greater  increases  were  observed  when  dietary  magnesium  was  low.  Supplemental 
aluminum  did  not  affect  the  variables  tested.  The  results  suggested  that  the 
effects  of  boron  on  mineral  metabolism  were  mediated  through  some  endocrine  or 
biochemical  mechanism,  rather  than  through  chemical  or  complexing  effects  of 
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boron.  These  findings  need  further  investigation,  but  suggest  that  supplemen- 
tation with  boron  in  amounts  contained  in  diets  high  in  fruits  and  vegetables 
can  cause  changes  in  the  mineral  metabolism  of  postmenopausal  women  consistent 
with  the  prevention  of  calcium  loss  and  bone  demineral ization. 
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APPENDIX  C 
MOLYBDENUM 


I.  INTRODUCTION 

Molybdenum  has  been  identified  as  a  potential  substance-of-concern  in 
agricultural  drainage  waters  from  the  west  side  of  the  San  Joaquin  Valley  and 
a  moderate  water  quality  concern  in  the  San  Joaquin  River  (Hansen  and  More- 
hardt,  1987).  These  determinations  were  based  on  standards  for  a  continuous 
maximum  of  0.044  ppm  to  protect  aquatic  life  and  a  continuous  agricultural 
maximum  of  0.01  ppm  to  protect  sensitive  crops  set  by  the  state  of  California 
(State  Water  Resources  Control  Board,  1987).  Estimates  of  the  highest  median 
concentrations  of  molybdenum  in  ground  waters,  surface  runoff  waters,  and 
river  water  in  different  areas  of  the  San  Joaquin  Valley  (0.029,  0.08,  and 
0.005  ppm,  respectively)  do  not  all  exceed  the  established  limits,  but  the 
highest  annual  95th  percentile  values  do  (0.48,  0.12,  and  0.03  ppm,  respec- 
tively) (Hansen  and  Morehardt,  1987). 

II.  OCCURRENCE 


A.  Natural 

Molybdenum  is  a  metal  of  the  second  transition  series  which  is  present  in 
the  earth's  crust  at  levels  of  1.0  to  1.5  ppm  (Venugopal  and  Luckey,  1978; 
Windholz,  1976).  Its  abundance  is  equivalent  to  that  of  tungsten  and  is  about 
ten  times  less  than  that  of  chromium  (Parker,  1986)  Molybdenum  does  not  occur 
naturally  in  the  metallic  state,  but  is  always  found  in  association  with  other 
elements  such  as  sulfur,  oxygen,  tungsten,  lead,  uranium,  iron,  magnesium, 
cobalt,  vanadium,  bismuth,  and  calcium  (Jarrell  et  al . ,  1980).   It  is  obtained 
from  the  ores  molybdenite  (M0S2),  wulfenite  (PDM0O4.8H2O) ,  powellite  (CaMoO^, 
ferrimolybdate  (Fe2(Mo04)3) ,  and  jordicite  (amorphous  molybdenum  disulfide) 
(Friberg  and  Lener,  1986;  Jarrell  et  al . ,  1980;  Weast,  1983-1984).  The 
majority  occurs  in  the  form  of  molybdenite,  which  is  commonly  associated  with 
copper  ores  (Stokinger,  1981).   Molybdenum  is  found  in  many  parts  of  the 
world,  but  the  richest  deposits  are  in  the  Western  Hemisphere.  The  United 
States  contributes  a  major  share  (Stokinger,  1981).  Geologically  the  highest 
concentrations  of  molybdenum  have  been  found  to  be  associated  with  sedimentary 
materials  such  as  basaltic  rocks,  sandstones,  calcareous  clays  and  shales,  and 
black  shales  (Jarrell  et  al . ,  1980).  Generally,  higher  concentrations  have 
been  detected  in  sedimentary  than  in  igneous  rocks.  Molybdenum  is  often  found 
to  be  associated  with  the  organic  matter  in  sedimentary  rock  (Jarrell  et  al . , 
1980).  The  greatest  geological  enrichments  occur  in  asphalts  and  crude  oil. 

Trace  amounts  of  molybdenum  are  found  in  most  of  the  natural  waters  of  the 
world.  The  mean  concentration  in  sea  water  is  reported  to  be  approximately  10 
ug/L  and  similar  amounts  are  assumed  to  occur  in  fresh  waters,  although  local 
conditions  and  pollution  can  contribute  to  higher  levels  in  water  and  sedi- 


ments (Parker,  1986). 
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B.  Anthropogenic 

Molybdenum  has  a  variety  of  industrial  applications,  with  the  primary  use 
in  steel  alloys.  It  contributes  to  the  hardening  and  toughness  of  quenched 
and  tempered  steels,  as  well  as  improving  the  strength  of  steel  at  high 
temperatures  and  reducing  corrosion  (Jarrell  et  al . ,  1980;  Weast,  1983-1984). 
Molybdenum  sulfide  is  used  as  a  lubricant,  especially  in  high  temperature 
situations  that  would  cause  oils  to  decompose  (Weast,  1983-1984).  Other  uses 
of  various  molybdenum  compounds  include  catalysts,  chemical  reagents,  and 
pigments.  Molybdenum  compounds  are  added  to  soil,  plants,  and  water  to 
achieve  various  enrichment  or  balance  effects  in  plant  and  animal  nutrition 
(Friberg  and  Lener,  1986).  Molybdenum  is  added  in  trace  amounts  to  fer- 
tilizers to  stimulate  plant  growth  (Goyer,  1986),  most  commonly  in  the  forms 
of  sodium  and  ammonium  molybdate  and  molybdenum  trioxide  (Katyal  and  Randhawa, 
1983). 

Three  major  sources  of  molybdenum  enrichment  in  the  environment  are 
release  from  industrial  or  mining  operations,  coal  resource  development,  and 
municipal  sewage  sludge  (Jarrell  et  al . ,  1980). 

III.  ENVIRONMENTAL  FATE 


A.  Chemical  Forms 

More  than  50  inorganic  forms  of  molybdenum  are  known  and  organometal 1 ic 
forms  also  exist.  Molybdenum  is  a  typical  transition  element  exhibiting  a 
variety  of  valence  forms.  The  most  important  oxidation  states  are  +2,  +3,-  +4, 
and  +6,  of  which  the  last  is  the  most  stable  (Stokinger,  1981).  Some  of  the 
more  common  molybdenum  compounds  are  ammonium  molybdate,  calcium  molybdate, 
molybdic  oxide,  sodium  molybdate,  molybdenum  disulfide,  and  molybdenum 
trioxide  (Friberg  and  Lener,  1986).  Ammonium  and  sodium  molybdate  are  readily 
soluble  in  water;  molybdic  oxide  is  slightly  soluble  in  water  (Stokinger, 
1981). 

Molybdenum  forms  an  extremely  complicated  series  of  compounds.  With  the 
exception  of  the  oxides,  sulfides,  and  halides,  few  simple  salts  of  molybdenum 
are  known.  Molybdenum  compounds  readily  disproportionate  to  yield  mixtures 
containing  various  valence  states  with  the  strong  tendency  to  form  complex 
compounds.  Shifts  between  different  coordination  numbers  can  result  from 
relatively  minor  differences  in  conditions  (Stokinger,  1981). 

Above  pH  6,  the  predominant  form  of  molybdenum(VI)  is  the  molybdate  ion 
(MoO^"),  which  can  form  stable  salts  with  alkaline  metal  ions  and  insoluble 
salts  with  alkaline  earth  and  transition  metal  ions  (Parker,  1986).  Hexava- 
lent  molybdenum  complexes  preferentially  with  oxygen  and  forms  stable  isopoly 
and  heteropoly  acids  and  salts: 

H+       2e          lOe          lOe 
(Mo04)2-  ^=Mo207  : H2(Mo04)6  ; H2(Mo207)6  N *  (MoQ3)X 

These  polyacids  can  react  with  phosphates  and  tartrates  in  biological  fluids 
and  tissues.  Molybdenum  also  binds  to  carboxyl  groups,  hydroxyl  groups,  and 
sulfhydryl  groups  in  macromolecules  (Venugopal  and  Luckey,  1978).   This 
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ability  to  form  complexes  with  biologically  active  material  in  plants  and 
animals  is  an  important  factor  in  molybdenum's  role  in  living  systems  (Parker, 
1986). 

B.  Availability  to  Plants 

The  molybdenum  content  of  soils  has  been  reported  typically  to  range 
between  0.6-3.5  ppm,  with  a  mean  of  approximately  2  ppm  (Katyal  and  Randhawa, 
1983).  Lener  and  Bibr  (1984)  considered  soil  molybdenum  concentrations 
between  0.2  and  0.7  ppm  to  be  normal.  Friberg  and  Lener  (1986)  reported  the 
molybdenum  content  of  normal  soils  to  vary  between  0.1  and  10  ppm.  Kubota 
(1977)  found  that  molybdenum  concentrations  in  U.S.  soils  ranged  from  0.08  to 
greater  than  30  ppm,  with  a  median  value  slightly  more  than  1  ppm.  He  also 
observed  a  striking  pattern  of  increasing  molybdenum  concentrations  from  the 
eastern  to  the  western  United  States. 

The  molybdenum  content  of  soil  varies  with  the  molybdenum  content  of  the 
parent  material  and  is  often  higher  in  soils  than  in  the  parent  material 
(Jarrell  et  al . ,  1980).  High  molybdenum  contents  in  soils  have  been  as- 
sociated with  sedimentary  parent  materials,  especially  shales  (Jarrell  et  al . , 
1980).  Shale  and  granite  are  rock  sources  of  soil  molybdenum  in  the  western 
United  States;  the  sandy  materials  of  glacial  and  marine  origin  in  the  east 
contain  much  less  of  the  element  (Kubota,  1977). 

Most  plants  grow  poorly  in  molybdenum-deficient  soils  and  will  usually 
respond  to  supplementation.  Legumes  and  crucifers  have  especially  high 
molybdenum  requirements,  and  are  affected  by  molybdenum  deficiencies  in  soils 
in  which  cereals  and  grasses  can  grow  easily  (Katyal  and  Randhawa,  1983). 
Citrus  has  a  higher  requirement  for  molybdenum  than  other  orchard  plants 
(Jarrell  et  al . ,  1980).  Crop  plants  can  tolerate  very  high  concentrations  of 
molybdenum  in  the  soil  without  growth  depression  or  other  symptoms  of  toxi- 
city, but  high  contents  in  forages  can  cause  disorders  in  animals  (Katyal  and 
Randhawa,  1983). 

Katyal  and  Randhawa  (1983)  have  summarized  the  conditions  leading  to 
molybdenum  deficiency  or  excess  in  plants  as  follows:  Molybdenum  deficiency 
occurs  in 

t  acid  soils 

•  leached,  sandy  soils 

t  soils  with  high  free-iron  oxide 

0  soils  low  in  phosphorus  and  copper  and  high  in  sulfate. 

Plants  build  up  toxic  levels  of  molybdenum  in 

•  alkal ine  soils 

•  poorly  drained  soils 

t  soils  with  low  levels  of  sulfate  and  copper  and  high 
availability  of  phosphorus 

•  soils  treated  indiscriminantly  with  molybdenum 
fertil izers. 


C-3 


The  total  molybdenum  content  of  soil  bears  little  relation  to  its  availa- 
bility to  plants.  The  form  in  which  molybdenum  occurs  in  soils  is  one 
important  determinant  of  availability.  As  noted  by  Katyal  and  Randhawa  (1983) 
molybdenum  can  occur  in  minerals  and  in  the  silicate  structures  of  mineral 
feldspars  and  micas,  and  in  these  forms  is  highly  insoluble.  Molybdenum  in 
acid  soils  exists  in  close  association  with  sesquioxides  and  is  unavailable  to 
plants.  Molybdenum  also  is  present  as  an  anion  (MoO^")  on  the  surface  of 
soil  particles  and  in  organic  compounds,  which  are  both  available  to  plants. 
The  content  of  dissolved  molybdenum  in  the  soil  is  low  and  is  dependent  on  pH, 
increasing  in  alkaline  conditions  (Katyal  and  Randhawa,  1983). 

The  availability  of  molybdenum  in  the  soil  to  plants  has  been  found  to  be 
dependent  on  several  factors  including  soil  pH,  organic  content,  texture, 
moisture,  temperature,  and  nutrient  interactions  (Katyal  and  Randhawa,  1983). 
Molybdenum  is  highly  available  in  alkaline  soils  (in  contrast  to  most  essen- 
tial micronutrients)  but  is  retained  very  strongly  in  soils  in  the  pH  range  3 
to  5  (Barrow,  1977;  Misra  et  al . ,  1977).  Maximum 'release  of  retained  molyb- 
denum occurred  at  pH  5  to  8.5  (Misra  et  al . ,  1977).  Liming  has  been  shown  to 
increase  molybdenum  availability  and  to  alleviate  deficiency  in  acid  soils. 
Molybdenum  availability  to  plants  has  been  observed  to  vary  positively  with 
the  organic  content  of  soils  (Misra  et  al . ,  1977).  Sandy  soils  retain  molyb- 
denum less  well  than  soils  with  heavy  textures  and  are  therefore  more  likely 
to  exhibit  molybdenum  deficiency  (Katyal  and  Randhawa,  1983).  Molybdenum 
availability  increases  with  soil  moisture  content;  with  few  exceptions, 
molybdenum  accumulation  in  plants  to  levels  toxic  to  animals  occurs  only  on 
poorly  drained  soils  (Allaway,  1977).  High  temperatures  accelerate  the 
conversion  of  adsorbed  molybdate  to  more  firmly  bound  forms  and  thus  may 
decrease  molybdenum  availability  (Barrow,  1977).  A  high  content  of  phosphorus 
favors  the  uptake  of  molybdenum,  but  high  sulfate,  copper,  aluminum,  and  iron 
are  antagonistic  to  molybdenum  uptake  from  soils  (Jarrell  et  al . ,  1980;  Katyal 
and  Randhawa,  1983) . 

C.  Mobility 

Parker  (1986)  has  summarized  in  general  terms  the  mobility  of  molybdenum 
in  the  environment  (see  Table  C.l). 

Industrial  activities  have  also  been  responsible  for  enriching  urban 
atmospheres  with  molybdenum,  but  concentrations  are  lower  than  those  of  many 
other  trace  elements  (Jarrell  et  al . ,  1980;  Schroeder,  1971).  Atmospheric 
molybdenum  appears  to  be  available  to  biological  systems  (Jarrell  et  al . , 
1980). 

The  concentration  of  molybdenum  in  plants  varies  greatly  and  is  influenced 
by  the  molybdenum  availability  in  soils.  Typical  concentrations  of  molybdenum 
in  plants  range  from  0.1  to  2.0  ppm  according  to  Katyal  and  Randhawa  (1983), 
but  levels  up  to  300  ppm  have  been  detected.  Kubota  (1977)  found  a  pattern  of 
increasing  molybdenum  concentrations  in  legumes  from  the  eastern  United  States 
(median  about  0.5  ppm)  to  the  western  United  States  (median  of  6  ppm).  This 
pattern  roughly  followed  the  distribution  of  acid  soils  in  the  east  to  neutral 
or  alkaline  soils  in  the  west. 

The  molybdenum  content  of  various  plant  parts  varies,  with  higher  con- 
centrations in  the  interveinal  areas  than  in  the  mid  rib,  stems,  or  margins  of 
the  leaves  (Allaway,  1977;  Katyal  and  Randhawa,  1983).   Different  plant 
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Table  C.l.   Transfer  of  molybdenum  in  the  environnment  (adapted  from  Parker, 
1986) 


Loss  from  soils 


Loss  from  plants 


Loss  from  natural  waters 
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species  accumulate  differential  amounts  of  molybdenum  under  the  same  condi- 
tions: legumes  normally  contain  more  molybdenum  than  do  grasses  grown  on  the 
same  soil,  and  crucifers  such  as  broccoli  and  cauliflower  normally  contain 
higher  levels  than  other  plants  in  the  same  area  (Allaway,  1977). 

Molybdenum  is  present  in  plant  tissues  at  concentrations  one  order  of 
magnitude  less  than  concentrations  of  other  elements  required  for  plant  growth 
(Allaway,  1977).  Plants  are  generally  considered  to  be  deficient  in  molyb- 
denum when  they  contain  less  than  0.1  ppm  (on  a  dry  matter  basis)  (Jarrell  et 
al . ,  1980).  Although  high  levels  of  molybdenum  are  not  toxic  to  plants  (Hor- 
nick  et  al . ,  1977),  levels  in  forages  in  excess  of  15  ppm  can  produce  toxicity 
in  ruminant  animals  (Katyal  and  Randhawa,  1983). 

Molybdenum  concentrations  in  animal  tissues  are  generally  lower  than  in 
plant  tissues  and  vary  with  the  intake  of  molybdenum  as  well  as  copper  and 
sulfate.  Molybdenum  occurs  in  concentrations  similar  to  manganese  in  all 
tissues  and  fluids  of  the  animal  body  (Underwood,  1977). 

The  molybdenum  content  of  cow's  milk  is  highly  dependent  on  the  dietary 
intake  of  the  animals  with  "normal"  levels  reported  to  range  from  18-120  ug/L 
(Underwood,  1977).  Reported  intakes  by  humans  are  diet-dependent.  Foods  vary 
in  their  molybdenum  content;  legumes,  whole  cereal  grains,  leafy  vegetables, 
liver,  and  kidney  are  good  sources  while  fruits,  root  and  stem  vegetables, 
refined  grain  products,  sugars,  oils  and  fats,  muscle  meats,  and  dairy 
products  are  poor  sources  (Berman,  1980;  Hazel  1 ,  1985;  Schroeder  et  al  . ,  1970; 
Westerfeld  and  Richert,  1953). 


IV.  ESSENTIALITY/BIOLOGICAL  FUNCTION 

Molybdenum  is  an  essential  element  for  microorganisms,  plants,  and  animals 
including  man.  Species  of  every  living  system  have  been  found  to  contain 
molybdenum-dependent  enzymes.  The  functions  of  a  wide  variety  of  molybdoen- 
zymes  have  been  reviewed  by  Rajagopalan  (1984). 

Molybdenum  is  necessary  for  the  fixation  of  nitrogen  in  the  soil  by 
bacteria  and  by  nitrogen-fixing  plants  because  of  its  function  in  two  major 
enzymes,  nitrogenase  and  nitrate  reductase.  Nitrogenase,  found  in  plants  such 
as  beans,  clover,  alfalfa,  and  other  legumes,  catalyzes  the  conversion  within 
the  plant  of  nitrogen  to  ammonia  (Schrauzer,  1976).  Nitrate  reductase,  found 
in  nonleguminous  plants,  bacteria,  and'  fungi,  catalyzes  the  conversion  of 
nitrate  ion  to  nitrite  ion,  a  first  step  in  the  assimilation  of  nitrogen. 

Xanthine  oxidase/dehydrogenase  catalyzes  the  conversion  of  xanthine  to 
uric  acid,  an  important  step  in  the  metabolism  of  purine-based  compounds 
(Mahler  and  Green,  1954).  It  is  a  complex  enzyme  containing  a  molybdenum 
subunit,  a  flavin  adeninedinucleotide  portion,  and  two  iron-sulfur  centers. 
The  importance  of  molybdenum  to  the  function  of  xanthine  oxidase  in  animals 
was  first  recognized  by  Oe  Renzo  et  al .  (1953)  and  Richert  and  Westerfeld 
(1953).  Another  important  molybdenum-containing  enzyme  in  animals  is  sulfite 
oxidase,  which  catalyzes  the  conversion  of  sulfite  ion  to  sulfate  ion,  a  final 
step  in  the  degradation  of  sulfur-containing  amino  acids  and  a  protective 
reaction  against  sulfur  dioxide  toxicity  (Cohen  et  al . ,  1973;  Gunnison  et  al . , 
1987;  Johnson  et  al . ,  1974).  The  molybdenum  cofactor  is  apparently  the  same 
in  these  two,  and  other,  molybdoenzymes. 
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Lener  and  Bibr  (1984)  have  summarized  the  limited  number  of  reports  of 
molybdenum  deficiency  in  the  field  in  lambs  and  chicks.  Molybdenum  deficiency 
is  difficult  to  induce  experimentally;  feeding  large  amounts  of  the  antagonist 
tungsten  is  usually  required  to  produce  molybdenum  deficiency  symptoms  in  rats 
(Higgins  et  al . ,  1956;  Johnson  and  Rajagopalan,  1976).  [Simultaneous  feeding 
of  small  amounts  of  molybdenum  counteracts  the  effects  of  tungsten  suggesting 
that  molybdenum  deficiency  rather  than  tungsten  toxicity  is  responsible  for 
the  observed  effects  (Rajagopalan,  1987).]  Such  studies  indicate  that  the 
production  of  molybdenum  deficiency  in  adult  rats  does  not  cause  any  detec- 
table physical  ill  effects  despite  marked  decreases  in  tissue  molybdoenzyme 
activities,  but  that  the  absence  of  molybdenum  may  result  in  abnormalities 
during  the  early  developmental  stages  (Rajagopalan,  1987). 

Molybdenum  deficiency  has  not  been  detected  in  any  normal  human  popula- 
tion. The  only  natural  occurrence  of  molybdenum  deficiency  in  humans  has 
resulted  from  the  .genetic  deficiency  of  the  molybdenum  cofactor  in  several 
severely  ill  children  (Chan  and  Rennert,  1985).  All  of  these  children 
exhibited  combined  deficiencies  of  aldehyde  dehydrogenase,  sulfite  oxidase, 
and  xanthine  dehydrogenase  (with  increased  excretion  of  sulfite,  thiosulfate, 
S-sulfocysteine,  hypoxanthine,  and  xanthine),  and  displayed  marked  neurologi- 
cal abnormalities,  dislocation  of  the  lens,  and  mental  retardation  (Chan  and 
Rennert,  1985;  Rajagopalan,  1984).  Supplementation  of  the  diet  with  molyb- 
denum did  not  reverse  the  abnormalities.  Isolated  xanthine  oxidase  and 
sulfite  oxidase  deficiencies  on  a  genetic  basis  have  also  been  reported 
(Anonymous,  1987);  the  former  is  a  relatively  benign  disorder,  while  the 
latter  is  a  crippling  neurological  disease  with  the  same  symptoms  as  the 
combined  genetic  deficiency. 

The  first  demonstration  of  a  diet-induced  deficiency  of  molybdenum  in 
humans  occurred  as  a  result  of  prolonged  total  parenteral  nutrition  (TPN)  with 
a  solution  low  in  molybdenum  (Abumrad  et  al . ,  1981;  Anonymous,  1987;  Rudman 
and  Williams,  1985).  The  affected  patient  was  a  young  man  with  Crohn  disease 
and  a  short  gut  of  12  years'  duration  who  had  been  receiving  TPN  for  18 
months.  The  patient  experienced  episodes  of  tachycardia,  tachypnea,  central 
scotomas,  night  blindness,  lethargy,  and  coma  while  on  TPN;  these  symptoms 
resolved  when  TPN  was  discontinued.  Biochemical  abnormalities  during  symptom- 
atic periods  included  high  plasma  methionine;  low  serum  uric  acid  levels; 
increased  urinary  excretion  of  sulfite,  thiosulfate,  hypoxanthine  and  xan- 
thine; and  decreased  urinary  excretion  of  uric  acid  and  inorganic  sulfate. 
Treatment  with  ammonium  molybdate  (300  ug/day)  improved  the  patient's  clinical 
condition  and  reversed  the  biochemical  abnormalities. 

Based  on  a  number  of  epidemiological  studies  [summarized  by  Friberg  and 
Lener  (1986)],  molybdenum  has  also  been  proposed  to  exert  a  cariostatic 
effect.  However,  an  inverse  correlation  between  molybdenum  exposure  and  the 
incidence  of  caries  was  not  demonstrated  in  a  population  in  the  United  States 
(Curzon  et  al.,  1971).  Results  of  animal  experiments  were  also  contradictory 
(Hadjimarkos,  1973).  Despite  studies  that  suggested  a  feasible  mechanism  to 
explain  an  effect  of  molybdenum  on  caries  resistance  (Solomons  et  al . ,  1973), 
this  hypothesis  seems  to  have  been  discounted. 
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V.  TOXICOKINETICS 


A.  Absorption  from  Gastrointestinal  Tract,  Lung,  Skin 

Gastrointestinal  absorption  of  molybdenum  compounds  (from  most  diets  and 
with  most  inorganic  forms)  is  high  in  animals  and  humans  (Underwood,  1976). 
Hexavalent  and  water-soluble  forms  of  molybdenum  are  well  absorbed  by  cattle 
(Underwood,  1976).  Hexavalent  molybdenum  absorption  from  the  gastrointestinal 
tract  in  a  variety  of  experimental  animals  ranges  between  40  and  85%  (Friberg 
and  Lener,  1986).  Fairhall  et  al .  (1945)  confirmed  the  rapid  absorption  of 
molybdenum  trioxide  administered  orally  to  guinea  pigs  and  rabbits.  Radiolab- 
eled molybdic  oxide  was  used  by  Neilands  et  al .  (1948)  to  demonstrate  that 
approximately  84%  of  an  oral  dose  was  absorbed  in  the  gastrointestinal  tract 
of  rats,  and  that  simultaneous  oral  administration  of  copper  reduced  molyb- 
denum absoprtion  to  75%.  Kosarek  and  Winston  (1977)  gave  oral  doses  of 
molybdenum  in  the  form  of  molybdate  to  rats  starved  for  24  hours  and  found  the 
net  absorption  to  be  very  efficient  with  2.73,  1.86,  and  1.26%  remaining 
unabsorbed  from  doses  of  38,  100,  and  380  g.  Absorption  was  completed  within 
6  hours,  with  a  half-life  of  0.86  hours.  Van  Campen  and  Mitchell  (1965)  gave 
rats  oral  doses  of  2.7  umoles  molybdenum  as  sodium  molybdate  and  found  that 
the  metal  was  absorbed  from  both  the  stomach  and  intestine.  The  various 
ligated  intestinal  segments  (duodenum,  mid-section,  or  ileum)  were  sites  of 
greater  absorption  than  the  stomach,  with  relatively  little  difference  between 
the  segments.  Winston  et  al .  (1985)  found  that  in  rats  molybdenum  (as  sodium 
molybdate)  was  absorbed  more  rapidly  when  dissolved  in  water  than  when  mixed 
in  food,  and  that  organically  bound  molybdenum  was  absorbed  more  slowly  than 
either  added  form. 

In  a  balance  study  based  on  analyses  of  food,  feces,  and  urine  of  two  men 
consuming  an  average  of  210  and  460  ug  Mo/day  over  a  50-week  period,  Tipton  et 
al  .  (1969)  found  that  gastrointestinal  absorption  of  molybdenum  was  greater 
than  50%.  From  the  balance  data  obtained  from  four  young  women  in  a  metabolic 
study  of  27  days  by  Robinson  et  al .  (1973)  absorptions  of  30-60%  may  be 
estimated  (subjects  consumed  an  average  of  48,  46,  91,  and  96  ug  Mo/day). 
Apparent  absorptions  of  63-78%  were  observed  in  a  number  of  metabolic  balance 
studies  of  preadolescent  girls  by  Engel  et  al .  (1967).  In  a  3-day  balance 
study  with  healthy  children,  Alexander  et  al .  (1974)  found  that  77%  of  the 
molybdenum  in  a  diet  supplying  3.02  ug/kg  body  weight/day  was  absorbed  and  42% 
retained  per  day. 

Exposure  via  inhalation  resulted  in  appreciable  absorption  of  hexavalent 
forms  of  molybdenum,  but  not  molybdenum  disulfide,  in  guinea  pigs  (Fairhall  et 
al . ,  1945).  Friberg  and  Lener  (1986)  report  that  data  are  not  available  on 
absorption  of  molybdenum  after  inhalation  in  humans.  Walravens  et  al .  (1979) 
concluded  that  molybdenum  was  assimilated  by  workers  exposed  to  molybdenum- 
containing  dust,  but  could  not  determine  whether  molybdenum  was  absorbed 
through  the  lung  or  by  the  gastrointestinal  tract  upon  swallowing  of  secre- 
tions. 

No  data  on  absorption  via  skin  were  found. 
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B.  Distribution 

Determination  of  molybdenum  in  lungs,  liver,  kidney,  spleen,  and  bone  of 
guinea  pigs  following  25  days  of  inhalation  of  sub-LDsg  doses  of  molybdenum 
sulfide,  the  dust  and  fume  of  molybdenum  trioxide,  and  calcium  molybdate 
showed  rather  uniform  distribution  in  all  tissues  (Fairhall  et  al . ,  1945). 
Values  from  1  to  6  ug/g  fresh  tissue  were  common  for  all  compounds  except 
molybdic  oxide  and  calcium  molybdate  dusts,  which  were  two-  to  four-fold 
higher  in  the  kidney,  lung,  spleen,  and  bone.  Higher  retentions  in  lung  than 
in  other  tissues  (40  and  18  times,  respectively)  were  observed  for  the  sulfide 
and  the  molybdate. 

After  a  single  oral  administration  of  molybdenum  trioxide  to  guinea  pigs, 
rapid  accumulation  of  molybdenum  was  detected  in  the  kidneys,  liver,  and  bone 
(Fairhall  et  al . ,  1945).  In  mice,  1  to  24  hours  after  a  single  intravenous 
injection  the  highest  concentrations  of  molybdenum  were  found  in  the  kidneys, 
liver,  and  pancreas  (Rosoff  and  Spencer,  1973).  The  level  remained  constant 
in  the  liver  during  the  observation  period,  but  levels  in  the  kidney  and 
pancreas  decl ined. 

The  concentration  of  molybdenum  in  kidney,  liver,  intestine,  spleen, 
testis,  muscle,  skin,  blood,  bone,  and  teeth  of  rats  reached  a  maximum  within 
1-2  hours  after  the  subcutaneous  administration  of  graded  doses  of  ammonium 
molybdate  labeled  with  ^Mo  (Bi br  and  Lener,  1974).  Fourteen  days  later,  most 
of  the  administered  molybdenum  was  present  in  the  kidneys,  liver,  hard 
tissues,  and  skin,  with  the  greatest  retention  in  skin  and  teeth;  concentra- 
tions in  tissue  were  dose-dependent.  Pentavalent  molybdenum  disappeared  more 
slowly  than  hexavalent  molybdenum  from  the  blood,  liver,  and  jejunoileocecum 
of  rats  given  a  single  intravenous  injection  (Lener  and  Bibr,  1979). 

Molybdenum  has  been  shown  to  react  with  connective  tissue  and  to  alter  the 
metabolism  and  mechanical  properties  of  collagen  (Lener  et  al . ,  1976). 
Molybdenum  also  has  been  reported  to  accumulate  in  long  bone  in  growth 
cartilage  and  in  diaphysis  spongiosis  (Friberg  and  Lener,  1986).  The  maximum 
concentration  in  teeth  has  been  detected  in  dentin,  cement,  and  to  a  lesser 
extent  in  enamel  (Friberg  and  Lener,  1986).  Molybdenum  has  also  been  found  in 
the  hair  and  hooves  of  cattle  and  the  wool  of  sheep  (Cunningham  and  Hogan, 
1958). 

In  the  blood,  molybdenum  is  bound  in  the  form  of  molybdate  to  alpha-2- 
macroglobul in  and  to  the  proteins  of  the  erythrocyte  membrane  (Kselikova  et 
al.,  1974-,  1977;  Lener  et  al . ,  1979). 

After  administration  of  molybdenum  to  rats  in  drinking  water  for  four 
generations,  the  concentration  was  found  to  be  higher  in  the  tissues  of  males 
than  females  (Kosarek  and  Winston,  1975). 

Normal  values  for  the  molybdenum  contents  of  various  tissues  in  animals 
and  humans  [based  on  studies  by  Higgins  et  al .  (1956)  and  Tipton  and  Cook 
(1963)]  are  given  in  Table  C.2  below: 
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Table  C.2.   Normal  molybdenum  concentrations  in  animal  tissues  in  ppm  on  a 
dry-weight  basis  (adapted  from  Underwood,  1977) 


Species 

Liver 

Kidn 

ey 

Spleen 

Lung 

Brain 

Muscle 

Adult  human 

3.2 

1.6 

0.20 

0.15 

0.14 

0.14 

Adult  rat 

1.8 

1.0 

0.52 

0.37 

0.24 

0.06 

Chicken 

3.6 

4.4 

- 

- 

- 

0.14 

C.  Excretion 

Animal  data  have  indicated  that  little  molybdenum  is  retained  and  most  is 
excreted,  primarily  via  urine,  during  the  first  two  weeks  after  single 
exposures  by  various  routes  in  guinea  pigs,  rats,  and  swine  (Bell  et  al  . , 
1964;  Bibr  and  Lener,  1973;  Fairhall  et  al . ,  1945;  Kselikova  et  al . ,  1974; 
Neilands  et  al . ,  1948).  In  rats,  the  extent  and  rapidity  of  urinary  excretion 
increased  with  increasing  dose  of  ammonium  molybdate  administered  via  in- 
tragastric or  subcutaneous  routes  (Bibr  and  Lener,  1973).  The  main  route  of 
excretion  in  cows  was  reported  to  be  feces  (Bell  et  al  . ,  1964).  Biliary 
excretion  was  also  demonstrated  in  rats  after  intravenous  injection  of  both 
hexavalent  and  pentavalent  forms  of  molybdenum  (Lener  and  Bibr,  1979).  Small 
amounts  are  excreted  via  milk  and  hair,  and  negligible  amounts  via  saliva 
(Friberg  and  Lener,  1986). 

Molybdenum  excretion  has  been  shown  to  be  influenced  by  copper  and  sulfate 
(Dale  et  al . ,  1973;  Dick,  1953).  Huisingh  and  Matrone  (1976)  have  indicated 
that  sulfate  can  compete  with  molybdenum  for  protein  carriers  and  can  enhance 
molybdenum  excretion  by  inhibiting  tubular  reabsorption. 

Rosoff  and  Spencer  (1964)  studied  excretion  of  molybdenum  in  human 
subjects  after  a  single  intravenous  injection  of  radiolabeled  molybdenum.  The 
excretory  patterns  varied  in  different  subjects.  The  5-day  cumulative  urinary 
excretion  of  99Mo  ranged  from  16.6  to  27.2%  in  four  patients.  The  10-day 
cumulative  excretions  in  two  subjects  were  24  and  29%  in  urine  and  6.8%  and 
less  than  1%  in  feces. 

The  total  excretion  of  molybdenum  under  steady-state  conditions  in  humans 
has  not  been  determined,  but  data  from  Tipton  et  al .  (1969)  suggest  that 
25-50%  of  the  ingested  amount  is  excreted  in  urine. 

The  biological  half-time  of  most  of  absorbed  molybdenum  was  reported  by 
Friberg  (1979)  to  be  on  the  order  of  hours  to  a  maximum  of  about  one  day  in 
laboratory  animals,  based  on  the  studies  of  Fairhall  et  al  .  (1945)  and 
Neilands  et  al .  (1948),  and  up  to  two  weeks  in  humans,  based  on  the  data  of 
Rosoff  and  Spencer  (1964). 
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VI.  TOXICITY 

A.  Animals 

The  effects  on  animals  of  excess  molybdenum  depend  on  the  species  and  age 
of  the  animal;  the  amount  and  chemical  form  of  the  molybdenum;  the  copper 
intake  and  status  of  the  animal;  the  dietary  intake  of  inorganic  sulfate  and 
total  sulfur,  as  well  as  substances  such  as  protein,  cystine,  and  methionine 
which  may  be  oxidized  to  sulfate  in  vivo;  and  the  level  of  intake  of  other 
metals.  Relatively  little  information  on  the  toxicity  of  molybdenum  in  common 
laboratory  animals  has  been  published  in  the  literature;  most  attention  has 
been  devoted  to  molybdenum  toxicity  in  ruminant  livestock.  The  first  recogni- 
tion of  the  toxicity  of  molybdenum  was  in  cattle  grazing  on  "teart"  pastures 
(where  the  forage  contained  very  high  levels  of  molybdenum)  in  England 
(Fergusen  et  al . ,  1938,  1943).  These  animals  rapidly  developed  a  disorder, 
characterized  by  severe  diarrhea  and  loss  of  condition,  which  could  be 
reversed  by  copper  supplementation  (Underwood,  1977).  Sheep  were  found  to  be 
less  sensitive  than  cattle  but  also  adversely  affected  by  high-molybdenum 
forage  (Underwood,  1976).  The  complex  interactions  of  molybdenum,  copper,  and 
sulfate  in  producing  toxicity  symptoms  and  biochemical  changes  in  ruminants 
were  recognized  early  (Cunningham  et  al . ,  1959;  Dick,  1953,  1954).  Molybdenum 
toxicity  and  interactions  in  ruminants  have  been  reviewed  (Buck  and  Ewan, 
1973;  Huisingh  and  Matrone,  1976;  Pitt,  1976;  Ward,  1978)  and  will  be  dis- 
cussed further  in  Sections  VI-F  and  VI-G.  In  the  following  sections,  atten- 
tion will  be  given  to  the  toxic  consequences  of  excess  molybdenum  in  monogast- 
ric  animals. 

1  .Acute/short-term  exposures 

By  inhalation  or  oral  routes,  molybdenite  was  found  by  Fairhall  et  al . 
(1945)  to  produce  essentially  no  toxicity.  Guinea  pigs  exposed  1  hr  daily  for 
25  days  at  490  mg/nr  of  molybdenite  ore  (230  mg  Mo/nr)  showed  only  increased 
respiration.  Rats  ingesting  as  much  as  500  mg  daily  for  44  days  showed  no 
toxic  effects  and  all  gained  weight.  Guinea  pigs  given  intraperitoneal 
injections  with  800  mg/kg  showed  17%  mortality  in  4  days  and  25%  mortality  in 
4  months;  survivors  remained  apparently  healthy  and  gained  weight,  possibly 
indicating  a  physical  effect  from  the  mass  injection  rather  than  toxicity  of 
the  metal . 

By  contrast,  all  hexavalent  compounds  tested  (molybdic  oxide,  ammonium 
molybdate,  and  sodium  molybdate)  were  increasingly  fatal  over  the  same  dose 
range  (Fairhall  et  al . ,  1945).  All  oral  daily  doses  in  excess  of  100  mg/day 
were  uniformly  fatal.  The  approximate  LD50S  of  daily  repeated  doses  were  100, 
125,  and  330  mg  Mo/kg  body  weight  for  calcium  molybdate,  molybdic  oxide,  and 
sodium  molybdate,  respectively. 

Molybdic  oxide  dust  was  extremely  irritating  to  guinea  pigs  on  daily, 
repeated,  1-hour  exposures  at  250  mg/m^  (164  mg  Mo/m3)  (Fairhall  et  al . , 
1945).  Signs  of  toxicity  included  loss  of  appetite,  weight  loss,  diarrhea, 
muscular  incoordination,  and  alopecia.  Of  51  animals  exposed,  26  died  after 
the  tenth  exposure.  Exposure  to  MoO?  fume  under  the  same  conditions  was 
substantially  less  toxic,  with  only  8.3%  mortality  compared  to  51%  mortality 
with  the  dust.   Inhalation  of  calcium  molybdate  dust  under  the  same  conditions 
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proved  fatal  to  20.8%  of  24  guinea  pigs,  without  showing  any  signs  of  toxici- 
ty. 

Unpublished  results  of  acute  toxicity  tests  with  various  molybdates  in 
laboratory  animals  performed  for  Climax  Molybdenum  between  1957  and  1963 
[summarized  by  Stokinger  (1981)]  showed  that  calcium  and  zinc  molybdates  were 
"practically  nontoxic"  orally,  percutaneously,  and  by  inhalation,  based  on 
single  or  brief  exposures.  These  two  molybdates  caused  no  irritation  to 
intact  or  abraded  skin  and  no  significant  eye  irritation  in  the  standard 
rabbit  test.  Sodium  molybdate  did  cause  primary  irritation  at  24  hr  which 
cleared  by  72  hr. 

The  acute  toxicity  of  various  molybdenum  compounds  is  summarized  in  Table 
C.3  below. 

Neilands  et  al .  (1948)  found  that  feeding  molybdenum  (as  sodium  molybdate) 
in  a  purified  diet  at  a  level  of  5000  ppm  resulted  in  the  deaths  of  weanling 
rats  after  one  week.  Levels  of  1000  and  500  ppm  fed  for  four  weeks  permitted 
a  greatly  reduced  rate  of  growth,  without  apparent  gross  pathological  or 
hematological  changes.  The  toxicity  of  a  diet  containing  400  ppm  molybdenum 
and  77  ppm  copper  could  be  prevented  by  supplementation  with  an  additional  20 
ppm  copper.  Gray  and  Ellis  (1950)  found  similar  results  feeding  rats  molyb- 
denum added  to  a  purified  diet  or  to  a  commercial  ration  at  levels  ranging 
from  40  to  4000  ppm.  They  also  observed  that  supplemental  zinc  exacerbated 
the  growth  depression  caused  by  molybdenum  toxicity.  The  addition  of  sup- 
plemental copper  or  methionine  to  a  purified  diet  containing  800  ppm  molyb- 
denum alleviated  much  of  the  toxicity  observed  with  molybdenum  alone  (Gray  and 
Daniel,  1954).  In  addition  to  growth  depression,  other  symptoms  of  molyb- 
denosis  seen  in  rats  included  achromotrichia  and  alopecia,  male  sterility, 
reduced  lactation  (Jeter  and  Davis,  1954),  and  mandibular  and  maxillary 
exostoses  (Ostrom  et  al . ,  1961;  Van  Reen,  1959).  In  molybdenotic  rats, 
alkaline  phosphatase  activity  was  decreased  in  the  liver  and  increased  in  the 
kidney  and  intestine  (Williams  and  Van  Reen,  1956);  liver  sulfide  oxidase 
activity  was  markedly  depressed,  but  the  activities  of  liver  cysteine  desulf- 
hydrase  and  kidney  aryl  sulfatase  were  not  affected  (Mills  et  al  . ,  1958). 

When  rabbits  were  fed  a  commercial  diet  supplemented  with  molybdenum  (as 
sodium  molybdate)  at  levels  of  1000  ppm  or  more  a  severe  toxicity  syndrome 
characterized  by  anorexia,  weight  loss,  alopecia,  dermatosis,  anemia,  and 
death  occurred  (Arrington  and  Davis,  1953).  Some  animals  also  developed  a 
deformity  of  the  front  legs.  Toxicity  symptoms  could  be  prevented  or  reversed 
by  addition  of  copper  to  the  ration.  Other  findings  in  molydenotic  rabbits 
include  epiphyseal  line  fractures  (McCarter  et  al . ,  1962),  decreased  ery- 
throcyte survival  time  (Robinson  et  al.,  1969),  and  thyroid  hypofunction 
(Widjajakuma  et  al . ,  1973). 

The  growth  of  chicks  and  poults  was  reduced  approximately  25%  by  the 
addition  of  300  ppm  molybdenum  (as  sodium  molybdate)  to  practical  starter 
rations  (Kratzer,  1952).  There  was  no  evidence  of  anemia,  diarrhea,  or 
changes  in  feathers  in  the  birds.  Addition  of  copper  to  the  molybdenum- 
containing  rations  produced  only  slightly  improved  growth.  Similar  findings 
were  reported  by  Arthur  et  al .  (1958)  when  chicks  were  fed  molybdenum  at 
levels  of  200,  350,  and  500  ppm.  At  higher  levels  (4000  ppm  or  more  of 
molybdenum)  sodium  molybdate  did  cause  anemia  in  chicks  (Davies  et  al  . ,  1960). 
Ammonium  molybdate  was  more  toxic  to  chicks  than  the  sodium  salt;  sulfate 
added  to  the  diets  of  chicks  at  two  times  the  level  of  molybdenum  alleviated 
the  symptoms  of  molybdenosis. 
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Table  C.3.  Acute  molybdenum  toxicity  (adapted  from  Venugopal  and  Luckey, 
1978) 


mq/kg  body  weight 
Compound  Animal    Route    Toxicity  Compound  Metal 


Molybdenum  trioxide 

Rat 

inhal 

LD75 

287* 

Rat 

oral 

LD50 

188 

125 

Guinea 

pig 

ip 

LD75 

400 

267 

Ammonium  molybdate 

Rat 

oral 

LD50 

680 

370 

Rat 

ip 

MLD 

203 

110 

Guinea 

pig 

oral 

LDlOO 

2200 

1200 

Guinea 

pig 

sc 

LD100 

1380 

750 

Guinea 

pig 

ip 

LDlOO 

800 

435 

Rabbit 

oral 

LD100 

1870 

1020 

Rabbit 

sc 

LDlOO 

1600 

870 

Cat 

oral 

LDlOO 

2400 

1310 

Disodium  molybdate 

Mouse 

ip 

LD50 

303 

120 

Rat 

ip 

MLD 

290 

115 

Rat 

ip 

LDlOO 

385 

153 

Rat 

ip 

LD50 

576 

228 

Calcium  molybdate 

Rat 

ip 

LD50 

208 

99.8 

Exposure  for  1  hour  daily  for  30  days  (dose  given  in  mg/nr 
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3.  Chronic  exposure 

The  symptoms  of  chronic  molybdenum  toxicity  in  animals  include  loss  of 
weight,  anorexia,  anemia,  impaired  lactation,  male  sterility  and  testicular 
degeneration,  osteoporosis,  and  bone-joint  abnormalities  (Venugopal  and 
Luckey,  1978).  These  symptoms  develop  after  fairly  brief  exposures  (several 
weeks  to  several  months);  few  toxicity  studies  in  laboratory  animals  have  been 
conducted  for  extended  periods. 

Winston  et  al .  (1973)  fed  rats  a  commercial  ration  with  1-3  ppm  molybdenum 
and  provided  deionized  water  with  and  without  10  ppm  molybdenum  (as  sodium 
molybdate)  as  the  sole  source  of  drinking  water.  Five-  to  twelve-month-old 
rats  so  treated  were  subjected  to  cold  stress  by  being  placed  at  2-3°C  for 
four  days;  controls  remained  at  room  temperature.  All  of  the  cold-stressed 
animals  lost  weight,  but  the  weight  loss  was  twice  as  great  in  the  molyb- 
denum-treated rats.  This  study  was  the  first  to  demonstrate  a  deleterious 
effect  of  molybdenum  at  such  a  low  level  and  with  adequate  amounts  of  other 
nutrients  in  the  diet. 

In  a  similar  experiment,  male  rats  given  0,  5,  or  10  ppm  molybdenum  (as 
sodium  molybdate)  in  drinking  water  were  subjected  to  heat  stress  (exposure  to 
37°  for  16  hours)  at  14-16  weeks  of  age  (Winston  and  Trainor,  1978).  All  rats 
lost  weight  during  the  test  period,  but  heat  stress  caused  significantly 
greater  losses.  Groups  treated  with  molybdenum  lost  significantly  more 
weight,  in  a  dose-related  fashion,  than  those  without  added  molybdenum.  Serum 
glucose  levels  were  increased  by  heat  stress,  but  the  greatest  response  was 
observed  in  the  rats  that  received  no  supplemental  molybdenum. 

Winston  et  al  .  (1976)  also  studied  adaptation  to  high  levels  of  consump- 
tion of  molybdenum  in  four  generations  of  rats  given  0,  10,  100,  or  1000  ppm 
molybdenum  in  drinking  water.  In  the  first  generation,  reduced  stress 
responses  in  a  variety  of  tests  were  observed  in  all  the  molybdenum-treated 
groups;  in  the  second  and  third  generations,  the  differences  became  insig- 
nificant or  disappeared.  Molybdenum  levels  in  the  tissues  of  rats  given  the 
two  highest  levels  of  molybdenum  declined  in  succeeding  generations. 

B.  Human 


1.  Acute/short-term  exposures 

Molybdenum  intoxication  in  humans  has  rarely  been  observed;  acute  poison- 
ing appears  to  be  quite  uncommon.  A  short-term  balance  study  with  diets 
containing  very  high  levels  of  molybdenum  was  conducted  in  India  by  Deosthale 
and  Gopalan  (1974).  Men  were  fed  diets  containing  two  sorghums  with  different 
concentrations  of  molybdenum  for  periods  of  10  days.  The  low-molybdenum 
sorghum  diet  supplied  166  ug/day;  the  high-molybdenum  sorghum  diet  supplied 
540  ug/day;  and  the  high-molybdenum  sorghum  diet  supplemented  with  ammonium 
molybdate  supplied  1540  ug/day.  Mean  uric  acid  excretion  in  the  urine  was  not 
increased  by  increasing  the  amount  of  molybdenum  ingested;  the  excretions  of 
calcium,  phosphorus,  and  sulfate  were  also  unchanged.  In  contrast,  the 
excretion  of  copper  in  the  urine  was  markedly  increased  with  increasing 
molybdenum  in  the  diet  (the  copper  contents  of  the  diets  were  similar).  Serum 
concentrations  of  copper  were  also  elevated  when  subjects  consumed  the  sorghum 
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diet  with  a  higher  content  of  molybdenum,  suggesting  mobilization  of  tissue 
copper  or  the  inhibition  of  copper  uptake  by  the  tissues. 

2.  Chronic  exposure 

The  earliest  report  of  human  toxicity  resulting  from  chronic  ingestion  of 
high  levels  of  molybdenum  was  that  of  Kovalsky  et  al .  (1961)  who  studied  a 
region  in  the  Soviet  Union  (Armenia)  with  levels  of  77  ppm  molybdenum  and  39 
ppm  copper  in  the  soil.  High  molybdenum  and  low  copper  contents  were  observed 
in  the  agricultural  products  and  drinking  water  of  the  region.  Over  50%  of 
the  diet  in  the  area  was  composed  of  locally  produced  products.  The  total 
daily  intakes  of  molybdenum  and  copper  by  adults  were  estimated  to  be  10-15  mg 
and  5-10  mg,  respectively,  in  the  affected  area,  compared  to  1-2  mg  and  10-15 
mg,  respectively,  in  a  control  area.  A  medical  survey  of  400  residents  in  two 
villages  in  the  affected  region  revealed  incidences  of  a  gout-like  disorder  of 
31  and  18%,  in  contrast  to  a  stated  incidence  of  1-4%  in  the  general  popula- 
tion. Symptoms  of  the  disorder  included  arthralgia  in  the  peripheral  joints 
(knees,  hands,  and  feet),  joint  deformities,  and  increased  levels  of  uric  acid 
in  the  blood  and  urine.  Friberg  and  Lener  (1986)  have  noted  the  difficulties 
in  interpreting  the  results  of  this  study,  particularly  with  regard  to 
possible  bias  introduced  by  the  selection  of  groups  to  be  compared.  However, 
the  results  are  consistent  with  the  theoretical  outcome  of  excess  molybdenum 
consumption:  high  levels  of  molybdenum  could  give  rise  to  increased  activity 
of  xanthine  oxidase  which  in  turn  could  cause  increased  formation  of  uric 
acid. 

Walravens  et  al .  (1979)  studied  workers  chronically  exposed  to  molyb- 
denum-containing dust  in  a  molybdenite  roasting  plant.  Twenty-five  male 
workers  with  an  average  age  of  30.8  years  (range,  19-59  years)  and  durations 
of  employment  ranging  from  0.5-18  years  were  compared  to  a  control  group  of  24 
students  and  researchers  with  a  mean  age  of  28.3  years  (range,  19-44  years). 
The  daily  body  burden  of  soluble  molybdenum  for  the  workers  was  estimated  to 
be  10.2  mg  based  on  the  concentration  in  respirable  dust.  Assimilation  of  the 
molybdenum  by  the  exposed  workers  was  demonstrated  by  higher  levels  of 
molybdenum  in  the  plasma  (9-365  vs.  0-34  ng/ml )  and  urine  (120-11,000  vs. 
20-230  ug/L)  than  in  the  controls.  The  exposed  workers  also  had  marked 
elevations  in  serum  ceruloplasmin  and  smaller  increases  in  serum  uric  acid 
concentrations.  No  evidence  of  molybdenum-induced  gout  was  detected  in  the 
responses  to  a  medical  questionnaire;  only  non-specific  medical  complaints 
were  reported. 

Industrial  exposure  of  miners  and  metallurgy  workers  in  the  Soviet  Union 
to  air-borne  concentrations  of  molybdenum  between  60  and  600  mg/m3  was 
reported  by  Eolian  (1965)  to  result  in  an  increased  incidence  of  such  non- 
specific signs  of  toxicity  as  weakness,  fatigue,  anorexia,  headaches,  joint 
and  muscular  pain,  and  tremor  of  the  hands  [summarized  by  Lener  and  Bibr 
(1984)]. 

A  high  incidence  of  bone  deformities  in  the  lower  extremities  was  reported 
in  a  population  in  India  whose  diet  consisted  of  large  amounts  of  sorghum, 
which  contained  unusually  large  amounts  of  both  molybdenum  and  fluorine 
(Anonymous,  1975).  The  osteoporosis  produced  by  excess  fluorine  in  this 
population  has  been  assumed  to  be  enhanced  by  the  molybdenum. 
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C.  Mutagenicity 

Venitt  and  Levy  (1974)  found  no  evidence  for  the  mutagenicity  of  soluble 
molybdenum  salts  in  a  bacteriological  spot-test  assay  with  several  tryp- 
tophan-requiring  strains  of  Escherichia  col i . 

Rossman  et  al .  (1984),  however,  found  that  molybdate  could  elicit  DNA 
damage  in  bacteria  provided  the  exposures  were  carried  out  under  conditions  of 
long-term  growth  in  subtoxic  concentrations.  Rossman  and  Molina  (1986) 
assayed  various  metal  salts  for  their  ability  to  modulate  ultraviolet-induced 
mutagenesis  in  Escherichia  col  i  WP2.  Sodium  molybdate  was  found  to  be  co- 
mutagenic  (at  concentrations  higher  than  100  M)  in  E.  col  i  WP2  with  normal 
DNA  repair  capabilities,  but  not  in  a  repair-deficient  strain  of  the  bacteria. 

D.  Carcinogenicity 

Maltoni  (1974)  reported  the  induction  of  subcutaneous  sarcomas  at  the  site 
of  injection  of  the  pigment  molybdenum  orange  (lead  chromate  and  molybdenum 
chromate);  the  number  of  tumors  so  produced  was  greater  than  the  number  caused 
by  lead  chromate  alone,  but  chromium  was  considered  to  be  the  carcinogenic 
agent.  Injection-site  tumors  are  poor  indicators  of  carcinogenic  potential, 
however. 

Shimki n  et  al .  (1977)  assayed  various  metal  compounds  for  carcinogenic 
activity  by  the  pulmonary  tumor  response  in  a  susceptible,  inbred  strain  of 
mice.  The  mice  were  injected  intraperitoneal  ly  three  times  weekly  for  6-24 
injections  at  the  maximum  tolerated  dose  and  were  killed  30  weeks  after  the 
first  injection.  Molybdenum  trioxide  was  judged  to  have  a  weakly  carcinogenic 
effect  based  on  a  small  but  statistically  significant  increase  in  the  number 
of  tumors  per  mouse  after  its  injection. 

Orally  ingested  molybdenum  has  been  found  to  offer  some  protection  against 
chemical  carcinogenesis.  Male  weanling  Sprague-Dawley  rats  were  fed  ad 
libitum  a  semipurified  diet  and  demineral ized  drinking  water  with  and  without 
the  addition  of  molybdenum  (a  sodium  molybdate)  or  tungsten  (as  sodium 
tungstate)  (Luo  et  al . ,  1983;  Yang  et  al . ,  1985).  At  levels  of  2  or  20  ppm, 
molybdenum  in  the  drinking  water  significantly  inhibited  the  induction  of 
esophageal  and  forestomach  carcinogenesis  in  animals  given  doses  of  N-nitro- 
sarcosine  ethyl  ester  by  gastric  intubation.  Tungsten  at  200  ppm  in  water 
overcame  the  inhibitory  effect  of  the  low  level  of  molybdenum  (0.026  ppm)  in 
the  diet.  In  another  experiment  (Wei  et  al . ,  1985;  Yang  et  al . ,  1985),  virgin 
female  Sprague-Dawley  rats  were  fed  the  same  diet  and  demineral ized  drinking 
water  with  10  ppm  molybdenum  (as  sodium  molybdate)  or  150  ppm  tungsten  (as 
sodium  tungstate)  and  were  given  a  single  intravenous  injection  of  5  mg  of 
N-nitroso-Nmethylurea.  Molybdenum  did  not  affect  the  incidence  of  mammary 
carcinoma  at  125  days  after  injection,  but  after  198  days  carcinoma  incidence 
in  the  molybdenum-treated  animals  was  significantly  less  (approximately  half) 
than  that  in  the  control  rats  or  the  rats  treated  with  tungsten.  Animals 
treated  with  tungsten  had  an  greater  incidence  of  mammary  carcinoma  125  days 
after  injection  than  did  untreated  controls. 

In  a  correlational  epidemiologic  study,  Briese  (1976)  detected  no  associa- 
tion between  the  geographic  variations  in  cancer  mortality  and  incidence  in 
Colorado  and  the  molybdenum  levels  in  surface  waters. 
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E.  Reproductive  Toxicity 

Very  little  data  have  been  generated  to  assess  the  teratogenic  potential 
or  reproductive  toxicity  of  molybdenum.  Colmano  (1973)  showed  that  molybdenum 
added  to  the  media  of  Euglena  gracilis  produced  abnormal  cell  divisions  and 
clustering  with  a  teratogenic  appearance.  Reproductive  function  was  found  to 
be  disrupted  in  rats  fed  very  high  levels  of  molybdenum  (Jeter  and  Davis, 
1954),  but  this  impairment  was  due  to  male  sterility  rather  than  an  effect  on 
the  embryos.  Smaller  litters  were  observed  in  female  rats  given  drinking 
water  containing  100  ppm  molybdenum  throughout  their  lifetimes  than  in  rats 
given  10  ppm  molybdenum  in  water. 

F.  Mechanism  of  Toxicity 

In  ruminants  molybdenum  toxicity  is  clearly . related  to  copper  depletion, 
but  findings  are  not  as  straightforward  in  nonruminants.  A  single  hypothesis 
has  been  advanced  to  rationalize  the  seemingly  irreconcilable  differences 
between  species;  it  suggests  that  the  copper  antagonism  of  molybdenum  may  be 
effected  through  thiomolybdates  (formed  by  the  interaction  of  sulfur  and 
molybdate)  and  that  the  major  sites  of  thiomolybdate  formation  may  differ  in 
ruminants  and  nonruminants.  Suttle  (1980)  has  reviewed  the  (mainly  indirect) 
evidence  for  this  hypothesis  and  concluded  the  following: 

o  Similarities  in  the  physiological  effects  of  thiomolybdate  and 
molybdate  plus  sulfate  in  ruminants  suggest  that  thiomolybdate  is 
formed  in  the  sulfide-rich  environment  of  the  rumen. 

o  Ingestion  of  thiomolybdates  by  rats  results  in  symptoms  similar  to 
molybdenum  toxicity  in  ruminants  (Spence  et  al . ,  1980). 

o  Qualitative  similarities  in  the  plasma  copper  distribution  produced 
by  high  levels  of  molybdate  in  the  rat  and  thiomolybdate  in  the 
ruminant  suggest  that  a  thiomolybdate-1  ike  species  may  also  be 

formed  at  systemic  sites  in  nonruminants. 

o  The  contrasting  effects  of  sulfur  and  the  changes  in  tissue  copper 
status  in  ruminants  and  rats  may  be  explained  in  terms  of  the 
relative  importance  of  gut  and  systemic  sites  of  thiomolybdate 
formation.  When  the  gut  site  predominates  (ruminants),  the  absorption 
of  both  copper  and  molybdenum  is  impaired,  causing  tissue   depletion 
that  dietary  sulfur  can  exacerbate  by  promoting  thiomolybdate  forma- 
tion.  When  systemic  sites  predominate  (rats),  copper  and    molyb- 
denum excretion  is  impaired,  leading  to  tissue  accretion  that 
dietary  sulfur  can  alleviate  by  depressing  the  absorption  of 
molybdenum. 

In  a  more  recent  review,  Mason  (1986)  also  concluded  that  the  accumulating 
evidence  supports  the  role  of  thiomolybdates  in  mediating  molybdenum  toxicity. 


C-17 


G.   Interactions  with  Other  Substances  Affecting  Toxicity 

Consideration  of  the  toxicity  of  molybdenum  cannot  be  separated  from 
consideration  of  the  complicated  interactions  of  molybdenum,  copper,  and 
sulfur.  The  interactions  are  not  only  complicated,  but  they  differ  strikingly 
in  ruminants  and  rats.  In  summary,  the  antagonism  of  copper  metabolism  by 
molybdenum  (as  molybdate  ion)  in  ruminants  occurs  at  low  concentrations  of 
molybdenum  (less  than  10  ppm),  is  exacerbated  by  dietary  sulfur,  and  results 
in  tissue  copper  depletion,  whereas  in  rats  it  occurs  at  high  concentrations 
of  molybdenum  (greater  than  100  ppm),  is  alleviated  by  dietary  sulfur  (with 
adequate  copper),  and  results  in  copper  accretion  in  the  tissues  (Cunningham 
and  Hogan,  1959;  Dick,  1956;  Evans  and  Davis,  1976;  Gray  and  Daniel,  1964; 
Marcilese  et  al . ,  1969;  Suttle,  1973,  1980,  1983).  The  molybdenum-copper- 
sulfur  interaction  can  also  be  modified  by  other  dietary  factors:  Dick  (1956) 
showed  that  high  dietary  manganese  could  block  the  limiting  effect  of  molyb- 
denum on  copper  retention  in  sheep,  even  in  the  presence  of  sulfate,  and  that 
with  a  high-protein  diet,  the  combination  of  molybdenum  and  manganese  could 
severely  limit  copper  retention.  A  high-protein  diet  was  found  to  partially 
reverse  molybdenum  toxicity  in  the  rat  (Bandyopadhyay  et  al . ,  1981).  Molyb- 
denum toxicity  can  be  completely  reversed  by  increasing  the  ratio  of  copper  to 
molybdenum  in  ruminants,  but  not  in  nonruminants  (Underwood,  1976). 

VII.  TREATMENT 


There  is  no  specific  treatment  for  molybdenum  toxicity  in  humans.  Victims 
of  acute  poisoning  should  be  given  supportive  care  and  removed  from  the  source 
of  exposure.  Symptoms  of  molybdenum  toxicity  in  many  animal  species  can  be 
reversed  by  supplementation  with  copper. 

VIII.  TYPICAL  EXPOSURE  LIMITS/BODY  BURDEN/TOXIC  LIMITS 

A  variety  of  estimates  for  the  daily  dietary  intake  of  molybdenum  has  been 
reported.  The  molybdenum  content  of  a  two-day  hospital  diet  was  determined  to 
be  369  ug/day  (Schroeder  et  al . ,  1970).  The  mean  daily  intakes  of  five 
subjects  in  the  United  States  on  a  long-term  balance  trial  ranged  from  99  to 
460  ug/day  (Schroeder  et  al . ,  1970).  Based  on  analysis  of  foods  collected  in 
a  grocery  basket  sampling  program  together  with  food  consumption  data,  Tsongas 
et  al .  (1980)  estimated  daily  dietary  intakes  of  molybdenum  in  the  United 
States  to  vary  between  120  and  240  ug/day  depending  on  age,  sex,  and  income. 
In  the  United  Kingdom,  total  dietary  intake  based  on  analysis  of  diet  homoge- 
nates  was  estimated  to  be  128  +  34  ug  by  Hamilton  and  Minski  (1972/73)  and  to 
range  from  89  to  109  ug  depending  on  the  method  of  calculation  by  Evans  et  al  . 
(1985).  In  India,  intakes  of  540  ug/day  have  been  produced  by  consumption  of 
sorghum  containing  a  high  concentration  of  molybdenum  (Deosthale  and  Gopalan, 
1974).  In  a  molybdenum-rich  province  of  the  Soviet  Union,  intakes  have  been 
estimated  to  range  from  10,000  to  15,000  ug/day  (Kovalsky  et  al . ,  1961). 
Mertz  (1976)  noted  that  the  reported  ranges  differ  by  a  factor  of  150,  which 
is  greater  than  the  known  safety  factors  between  marginally  deficient  and 
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marginally  excessive  levels  for  several  anionic  trace  elements. 

Molybdenum  intake  from  drinking  water  can  vary  considerably.  In  1962, 
Durfor  and  Becker  (1964)  [cited  by  Carson  et  al .  (1986)]  found  a  median 
molybdenum  level  of  1.4  ug/L  in  the  finished  waters  of  100  large  U.S.  cities, 
with  values  ranging  from  not  detectable  to  68  ug/L.  Kopp  (1969)  [cited  by 
Carson  et  al .  (1986)]  detected  an  even  wider  range  of  values  in  380  finished 
waters,  with  30%  having  detectable  molybdenum  levels  ranging  from  3  to  1024 
ug/L  and  a  median  of  86  ug/L.  Molybdenum  is  not  significantly  removed  by 
usual  water  treatment  processes  (Safe  Drinking  Water  Committee,  1977). 

A  Recommended  Dietary  Allowance  has  not  been  established  for  molybdenum, 
but  intakes  ranging  from  150  to  500  ug/day  have  been  proposed  as  "safe  and 
adequate"  levels  to  meet  the  nutritional  requirements  of  adults  (Committee  on 
Dietary  Allowances,  Food  and  Nutrition  Board,  1980).  Evidence  on  the  biologi- 
cal and  behavioral  aspects  of  aging  has  not  suggested  a  higher  requirement  for 
the  elderly  (Solomons,  1986). 

Snyder  et  al .  (1975)  estimated  the  total  body  burden  of  molybdenum  in  a 
70-kg  reference  man  to  be  9.5  mg  with  4.5  mg  in  the  soft  tissue.  Their 
calculations  for  daily  balance  in  reference  man  include  an  intake  of  300  ug 
from  food  and  fluids  and  less  than  0.1  ug  from  airborne  sources  and  losses  of 
150  ug  in  urine,  120  ug  in  feces,  20  ug  in  sweat,  and  trace  amounts  in  hair 
and  other  fluids. 

Carson  et  al .  (1986)  cite  the  following  inhalation  exposure  limits  given 
by  the  American  Council  of  Government  Industrial  Hygienists  in  1983:  the 
threshold  limit  value  as  a  time-weighted  average  for  an  8-hour  day  is  10  mg/nr 
for  insoluble  molybdenum  and  5  mg/nr  for  soluble  molybdenum  compounds.  The 
Occupational  Safety  and  Health  Administration  has  set  a  permissible  exposure 
limit  of  15  mg/nr  for  insoluble  molybdenum  compounds  and  5  mg/nr  for  soluble 
compounds  [cited  by  Carson  et  al .  (1986)]. 

Sittig  (1985)  notes  that  the  Soviet  Union  has  set  a  molybdenum  limit  in 
open  water  of  0.5  mg/L,  but  that  the  World  Health  Organization  has  not  set  a 
limit.  The  Environmental  Protection  Agency  has  suggested  a  permissible 
ambient  goal  of  70  ug/L  (Sittig,  1985). 

IX.  INDICATORS  OF  EXCESSIVE  ACCUMULATION 


A.   Index 

Mertz  (1976)  notes  that  humans  are  not  well  protected  against  deficient  or 
excessive  exposures  to  molybdenum  in  the  environment  and  that  differential 
exposures  are  readily  reflected  in  tissue  contents  of  the  element.  Thus,  the 
measurement  of  molybdenum  levels  in  a  readily  accessible  tissue  such  as  blood 
may  provide  an  indication  of  exposure.  The  essential  function  of  molybdenum 
in  the  enzyme  xanthine  oxidase  also  offers  the  possibility  of  measuring  a 
biological  response  to  excessive  exposure  to  molybdenum.  Saturation  of  this 
enzyme  has  not  been  demonstrated,  and  its  activity  increases  over  a  large 
range  of  intakes  (Mertz,  1977). 
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B.  Analytical  Methodology 

Colorimetric  methods  employing  dithiol  provide  a  simple,  rapid,  precise, 
and  sensitive  procedure  for  determining  molybdenum  in  biologic  and  other 
samples  (Quin  and  Brooks,  1975;  Cardenas  and  Mortenson,  1974).  Biologic 
samples  are  ashed  at  550°C  and  leached  with  HC1 ;  then  the  dithiol -molybdenum 
complex  is  extracted  with  isoamyl  acetate.  Interference  from  metals  such  as 
iron  and  tungsten  and  from  other  constituents  in  biological  material  has  been 
found  to  be  negligible.  Other  colorimetric  assays  with  reagents  such  as 
thiocyanate  (Dick  and  Bingley,  1951)  and  N-o-tolyl -o-methoxy-benzohydroxamic 
acid  (Abbasi,  1981)  also  have  been  found  to  provide  fairly  selective  and 
sensitive  measurements  of  molybdenum. 

Berman  (1980)  noted  the  slow  development  of  instrumental  methods  for  the 
analysis  of  molybdenum,  but  reported  some  applications  of  spectrographic 
analyses,  neutron  activation  analysis,  X-ray  fluorescence,  flame  atomic 
absorption  spectrometry,  and  graphite  furnace  analysis  to  the  determination  of 
molybdenum  in  biological  materials.  Greater  attention  needs  to  be  devoted  to 
developing  standardized  determinations  of  molybdenum,  with  certified  biologi- 
cal reference  materials  (Mertz,  1976). 


C.  Basis  for  Interpretative  Criteria 

Standards  for  the  interpretation  of  blood  levels  of  molybdenum  have  not 
been  established.  Allaway  et  al .  (1968)  determined  the  molybdenum  content  of 
blood  collected  from  adult  males  at  19  sites  in  15  different  states  in  the 
United  States.  Of  229  samples,  48  had  detectable  levels  of  molybdenum  (>  0.5 
ug/100  ml).  These  samples  were  from  nine  geographic  sites,  with  mean  values 
ranging  from  0.50  to  15.73  ug/100  ml.  When  two  sites  with  unusually  high 
values  were  eliminated,  values  ranged  from  0.50  to  3.37  ug/100  ml. 

Bala  and  Lifshits  (1966)  found  the  mean  concentration  of  molybdenum  in 
whole  blood  of  healthy  subjects  to  be  1.47  ug/100  ml,  with  slightly  greater 
amounts  associated  with  the  red  cells  than  with  plasma  proteins.  The  same 
investigators  also  observed  an  increase  in  molybdenum  concentration  in  the  red 
cells  of  patients  with  leukemia,  and  decreases  in  the  amount  of  molybdenum  in 
both  red  cells  and  plasma  in  patients  with  various  types  of  anemia. 

In  their  review,  Friberg  and  Lener  (1986)  concluded  that  although  the 
molybdenum  level  of  whole  blood  varies  substantially  among  individuals,  most 
data  support  a  normal  level  of  a  few  ug/L. 

Subjects  in  a  high-molybdenum  area  of  the  Soviet  Union  were  shown  to  have 
higher  levels  of  both  molybdenum  and  xanthine  oxidase  activity  in  blood  than 
controls  in  a  normal -molybdenum  region  (Kovalsky  et  al . ,  1961).  Subjects  in 
the  high-molybdenum  area  who  were  affected  by  a  gout-like  disease  had  even 
higher  levels  than  others  in  the  same  region  who  were  not  affected  (Table 
C.4). 

Walravens  et  al .  (1979)  measured  plasma  molybdenum  in  workers  exposed  to 
molybdenum  dust  and  control  subjects.  In  14  of  of  the  24  control  subjects, 
plasma  levels  were  below  the  limit  of  detection  (0.5  ug/100  ml);  in  the 
remaining  10  controls,  plasma  molybdenum  levels  ranged  from  0.5  to  3.4  ug/100 
ml.  In  the  25  exposed  workers,  plasma  molybdenum  levels  were  0.9  to  36.5 
ug/100  ml.   Delves  (1985)  reported  that  normal  serum  molybdenum  levels  were 
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much  lower  than  those  seen  in  the  controls  of  this  study,  between  2  and  12 
nmol/1  (19-115  ng/100  ml). 

D.  Quality  Control/Quality  Assurance 

Some  investigators  caution  against  the  use  of  stainless  steel  needles  or 
containers  for  drawing  blood  or  storing  samples  intended  for  molybdenum 
analysis  because  of  the  possibility  of  leaching  exogenous  molybdenum  into  the 
sample. 


Table  C.4.   Blood  molybdenum,  xanthine  oxidase  activity,  and  uric  acid,  and 
uric  acid  excretion  in  human  subjects* 

Blood   Xanthine  Oxidase   Blood       Urine 
Area      ,    Molybdenum   Activity**    Uric  Acid    Uric  Acid 


High  molybdenum 

(ng/g) 

(units) 

(mg/100 

ml) 

(mg/24  hr) 

Sick 

Healthy 

Average 

310 
170 
220 

2.1 

1.27 

1.52 

8.1 
5.3 

6.2 

824 
649 
707 

Normal  molybdenum 

60 

1.0 

3.8 

432 

** 


Data  from  Kovalsky  et  al .  (1961);  table  adapted  from 
Mertz  (1976). 
Arbitrary  units. 
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